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PREFACE 


The study of radio is essentially a study of the peculiar behavior of 
t alternating currents at ex remely high frequencies. For a comprehensive 
understanding of these high-frequency phenomena, it is prerequisite that 
the student be thoroughly cogm/ant of the behavior of alternating 
currents at low or commercial freq .enoieb. 

In this book, the author has included the ueoestiry direct- and 
alternating-current th >orv to prepare the student for a proper concept 
of the basic radio phenomena that are presented as the text progresses. 
The earlier chapters present nomenclature, axiomatic definitions, and 
the essential mathematics of radio. The reader is therefore armed at thfe 
outset with the necessary tools for the proper assimilation of the text. J 
It was the author's purpose to make available, within one volume, the \ 
wcessary material for a complete understanding of tho radio phenomena 
irith which the practical radio engineer must work. 

The numerous elementary radio textbooks extant today are suitable 
for the beginner, but do not provide an adequate theoretical grounding 
for the serious student. On the other baud, the engineering texts, 
although many are c<i client are unnecessarily advanced for the student, 
for example, who is preparing lumsclf tor an FO heense examination. 
The author has attempted in tliis textbook to acliieve a desirable medium 
jetween the popular operator’s instruction book and the advanced 
mgineering text. At the same time, the method of treatment is such as 
o preserve maximum utility as a reference and textbook fur the engineer. 
The aspirant for an FTC license will find in this book the necessary 
iformation to qualify him to pass any Federal Communications Com- 
iistiion examination. Headers in this category are urged to make use of 
he questions at the end of ouch chapter. These questions are taken 
nm the FCC “Study Guide " from which the actual Federal examination 
piestionR are selocted. For such student*, it is suggested that the chapters 
be studied in the chronological order in which they appear in the book, 
ind that the chapter on mathematics he thoroughly digested before 
iroceeding with circuit theory. 

It is suggested that the engineering studont immediately proceed with 
e advanced alternating-current theory and electronic circuit theory, 
r he preceding sections on mathematics, direct and alternating currents, 
inductance, and capacitance can then serve as “refresher” courses, as 
ill as continuous reference material as the reader progresses through 
khe text. 
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Chapter I 

BASIC ESSENTIALS 


The entire ui ^ erse, of which the earth and solar system form so small 
a part, is composed of cert,.in hash* substances. There are more than 
ninety of these substances a. found ,n nature. They are called 
sine** they are the element a/y materials of which everything in creation 
is composed. Fveiything that exists - the air that is inhaled, the house 
thut is inhabited, the earth itseJi trees, plants, dowers— every animate 
and inanimate thing is composed of these fundamental element* In 
many cases the elements exist done; in others they combine with / r her 
elements to form more complex -substances. Two of the familiar elenr<''itt 
found in air are nitrogen and oxygen. Copper, aluminum, and nickel ire 
three well-known elements that find special uses in radio. 

THE ATOMIC THEORY 

The Atom. All elements exist in the form of extremely minute 
particles ( ailed i/toms* An atom, in turn, is composed of a number of 
positive charge*, of clei tricity called protons, negative charges called 
electrons, and neutral entities called neutrons. The neutrons are some- 
timcH called nuclear electrons, as distinguished from the negative electrons, 
which are callc i orbital electrons. The nomenclature of protons, neutrons , 1 
and electrons will be adhered to in this book. The sole difference between 
atoms of different elements lies in the number of protons, neutrons, and 
electrons m the atoms. Thus, an atom of carbon contains six electrons; 
an atom of ovvgen contains eight electrons If two electrons could be 
added to the atom of cailmn and it could he arranged correspondingly to 
conqiensate the proton charges to maintain atomic equilibrium, the atom 
of carbon would change to oxygen. 

The electrons within an atom am in a state of constant motion, aud 
according to the present theory they whirl at tremendous speeds in orbits 
about a center nucleus. The center nucleus is comixwed of a concentra¬ 
tion of the positive charges, or protons, separated from each other by 
neutrons. The latter act as compensating forces to prevent the repellent 
tendencies of the protons from causing them to fly apart. The action of 
the electrons whirling about the nucleus can be compared to the move-' 
ment of the planets about the sun. 

The Molecule. Most of the forms of matter with which we come in 
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contact in our everyday experience are more or less complex combinations 
of the atoms of various elements. These combinations of atoms are 
called molecules. Ordinary water in its pure form; for example, is com¬ 
posed of countless molecules containing atoms of hydrogen and oxygen. 
In this case the proportion is two atoms of hydrogen to one of oxygen in 
each molecule, from which the familiar notation H a O is deduced. The 
molecules of any substance arc in a constant state of movement, or 


/ © Electron 

/ ,) 

f Q Electron 

f /+A/\ \ 

0 Nucleus 

\ \N+) N "j leU * 
Electron O y 

Hydrogen 

Helium 

/ 

[ /V + M+ 1 1 

ve\^ + V7© 

^ 

/ —A 

1 Aa/+/v+\ \ _ 

© 1 N + N + N ' ° 

\ ©\+/v+/v+/ / / 

\ 

o ^ — © 

Carbon (6electrons) 

Oxygen (6 electrons) 


Fig 1 . Scheiiudu rppiesontatiim of diltaient atoms t liidu.itos u piotnn, indi¬ 
cate* au election, and A T indicates n neati on 

agitation, owing to the tlieunal cncig\ possessed bj the substance. In 
a gas, the molecules possess a haphazaid movement thioughout the con¬ 
fines of the container, whereas, in a solid, onlj vibraton movements in 
relatively small legions aic possible 

Some idea of the relative size* of elections, alums, and molecules can 
be obtained from the following analogy. If a drop of water were magnified 
to 1,000 times the size of the earth, a Hingle molecule of water would be 
about a half mile m diameter. The individual atoms of hydrogen and 
oxygen would be about a quarter of a mile in diametex. The individual 
electrons would be about as large as a jjea. It is apparent, therefore, 
that the electrons within an atom are by no means closely packed. 
Where the electrons arc loosely bound to the parent atom, as in metals, 
the electrons can travel through the metal quite readily if they are 
provided with the proper stimulus. 
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ELECTRICITY 

Electric Charges. The ancient Greeks early discovered that if amber 
v ere rubbed upon cat’s fur, the amber acquired the property of attracting 
bits of jrnjKT or pith, and they called Huh phenomenon electrification, 
after the Greek word for amber. Ln later years, considerable experimenta¬ 
tion was carried u i along these lines, leading to many more or less 
accidental dis'oveiien. For example, it was discovered that electricity 
generated in tni& manner could be transmitted to other articles. Thus, 
it was found that a pith binl after Ving attracted to an electrified piece 
of umber, itself became electrified and could, n turn, attract other 
arl.cles It was found, too, that electricity could lie generated in other 
wb} A glass rod that had been nibbed with a piece of silk was found 
to have become electrified. The electrified glass rod, in turn, was able to 
electrify a pith ball. Here, however, a startling phenomenon bfiame 
evident. A pith ball that had been electriiied from amber and another 
one electrified from a glass rod exerted strong attraction for each ot'er, 
When placed in proximity to each other, both balls immediately hew 
together. On the other hand, two pith balls that had both been electrified 
from a piece of amber repelled each other. Similarly, tw'o pith balls 
electrified from a glass rod flew apart when placed in proximity to each 
other. The two different types of electrification were called positive and 
negative charges. VV * have t he ancient Greeks to thank, therefore, for 
our fust tunda mital hw of electricity: Like charge# of electricity repel 
each other; whet (a* unlike charges attract each other. 

Electric Currents. Subsequent investigation led to the hypothesis 
that a negatively eh urged body was occasioned by an excess of electrons 
within the atoms of that substance, and, conversely, that a positively 
charged body was occasioned bv a deficiency of electrons. In other words, 
in a negatively charged body, there are more electrons than protons, and 
a negative charge prevails In u positively charged body, there are more 
protons than electrons, and a positive charge prevails. If a positively 
charged body and a negatively chaigcd body are connected (by the 
physical insertion of a piece of metal, for example), we find that in 
accordance with our fundamental luw* these unlike charges attract each 
other. Electrons flow from the negatively charged nody to the positively 
charged body and continue to flow until a state of electrical balance is 
reached. In other words, if the original positive and negative charges 
were of equal magnitude, both bodies have become neutralized, and 
there no longer exists any deficiency or excess of electrons. By performing 
such au ex]ierimcnt, we caused electrons to flow through the piece 
metal used to connect the two bodies. This flow of electrons is called 
electric current flow. 

From the foregoing disc ussion it is apparent that an electric current 
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refers to the movement of electrons in a substance. However, since 
electrons are normally in motion within the atom, we must further 
qualify this statement. The movement of electrons must refer to the 
movement of electrons befvwn atoms. ThiR so-called movement does 
not imply that a specific electron leaves the negatively charged body and 
then skips from atom to atom until finally it reaches the positively 
charged body. On the contrary, the positively charged body exerts a 
strong attraction upon the electrons of the atoms immediately adjacent 
to it. The negatively charged body also exerts a strong attraction upon 
the nuclei of the atoms adjacent to it (see Fig 2). This action is carried 
on successively through the atoms of the conducting substance until 
the effect is felt throughout the conductor. The speed of this effective 


Positively charged body Negatively charged body 



Kin 2 Movement ol elections in u conductor Notice thn excess of ok*irons iri thn 
negativolv chained hodv and the delirium> mlhe positively charged h»il> The positive 
nuclei of tlie roue 1mlmg atoms, it will bt noted. hn\< boon displaced slightly liom (enter 
duo to the attraction ot tho uogalneh i hargwt both 

electron flow is equal to the speed of light- 186,000 miles per second. 
The rate of flow does not refer to the velocity of the actual electrons 
but to the rapidity with which a positive charge makes itself felt through 
a conductor to a negatively charged body at the other end of the 
conductor 

The above phenomenon can be somewhat clarified by moans of a 
mechanical analogy. We have all observed at one time or another a long 
freight tiain starting from a standstill and the delayed movement of the 
cars as the slack is taken up in the couplings between the cars In the 
case of an extremely long train having one loeomotive pulling and one 
at the opposite end of the tram pushing, if both locomotives started 
moving at precisely the same instant, the action could be compared to 
that of an electric charge. The movements of the pusher locomotive 
would Bend a series of bumps along the train as the slack in the couplings 
between ears w r as taken up. Similarly, the pulling locomotive would 
transmit a series of tugs along the train as the slack in the couplings 
between cars was taken up in the opposite direction. If both locomotives 
have the same power and start with the same speed, the tugs and bumps 
will meet in the center of the train, and at the inRtant of meeting, the 
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entire train will be in motion. The actual speed of the train, once it ia 
movr g, can be compared to the normal velocity of electrons within the 
atoms of a 'substance. It can be seen, however, that an appreciable 
interval of time elapsed between the initial tugs and bumps of the 
respective locomotives and the final movement of the entire train in 
response to them. The rapidity with which those tugs and bumps were 
transmitted over the ' uigth of the train until they were felt by the center 
car can be compared to the velocity of au electric charge tlirough a 
substance. The omotives can be compared to the positive and negative 
charges applied to the subti’ince. lu the train illustration, the time 
intern! was an appreciable one. The velocity f an electric charge, 
however, is so phenomenally high that for all pj uotical purposes the 
action can be couriered instantaneous. 

Insulators and Conductors, In the illustrations just cited, an electric 
current was caused to flow by connecting two oppositely charged b< dies 
with a piece of metal. Had these bodies been connected with a piece of 
porcelain, very little current would have flowed. ]t would seem, theNtfc *s, 
ill at there are characteristics other than the normal atomic structiftrc jf 
substances to be taken into account when considering electric current 
flow through these substances. It lias been found that the atoms 6f 
certain substances have very little inclination to release an electron 
under the attraction of a positive charge. Such materials as glass, 
porcelaiu, mica, and, t » *i lesser extent, Bakelite, rubber, cambric, fabrics 
of various kinds and pnw fall into this classification. Such substances 
are insulators, since they may effectively be used wherever it is desired 
to prevent flow r of electric current. On the oilier hand, the atoms of other 
substances very readily lelinquish an electron under the attraction of a 
positive charge Such substances, notably the metals, are called C0flfc- 
doctors and are used wherever it is desired to conduct a flow of electric 
current with a minimum of opposition. Topper is the metal most com¬ 
monly used as a conductor, since it combines high conductivity with 
comparatively low exist Silver is an even better conductor than copper, 
but the cost make's extensive use of il prohibitive. Other metals used 
as conductors for specific applications are, in the order of their con¬ 
ductivity, aluminum, zinc, iron, nickol, steel, and brass. 

Resistance, No material is a perfect conductor, and no material is a 
perfect insulator. There is no .sharp distinction lietween conductors and 
insulators. A substain? that in some instances would be regarded ns an 
insulator would, in other circumstances, be regarded as a conductor; 
for example, a material that is a good insulator at low temperatures may’ 
be a fairly effective conductor at high temperatures. Materials simply 
vary in the amount of opposition they offer to electric-current flow. This 
opposition to electric current flow is called ‘'resistance,” and the unit of 
resistance is called the Ohm. The international standard ohm was first 
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defined in 1894 as follow ■ One ohm is the resistance offered by a column 
of fnercury 106.8 ems long having a cross-sectional area of 1 &q mm. The 
ohm is merely an arbitrary value that has been accepted as standard in 
order that the resistance of any material in relation to this value may be 
determined. Thus, a piece of No. 14 13, & S. gauge copper wire 380 ft 
long has an approximate resistance of l ohm; a piece of No. 10 B. & S. 
gauge copper wire 1,000 ft long has a resistance of approximately 1 ohm. 

The resistance of conductors remains comparatively constant under 
unvarying conditions. The resistance does varj r , however, with a variation 
of temperature. (Generally speaking, the resistance of all pure metals 
increases as the tenqierftture increases. The increase in resistance (in 
ohms) for each degree rise in temperature is called temperature coefficient 
Of resistance. The temperature coefficient of an alloy is generally less 
than the average of ilie coefficients of its constituents, whereas the 
resistance of certain alloys does not increase at all with an increase of 
temperature. 

Naturally, the resistance of any given conductor will be a direct 
function of its physical dimensions. The resistance of a given piece of 
copper wire, for oxample, will be directly proportional to its length, but 
it will also vary with the thickness of the wire. Specifically, the resistance 
of a wire varies inversely with the area of its cross section. 

Condnctance is a measure of the conductivity of a material. Numeric 
ally, it is the reciprocal of the resistance. Thus. 

" - «■ <*» 
where O — standard symbol for conductance ■ 

H - standard symbol for resistance. 

Since conductance is ilie opposite of resistance, the unit of conductance 
lias been made the mho (ohm milled backward). Thus, 


O (in mhos) 

It (in ohms)’ 


H (in ohms) 

1 

0 (in mhos) 

(») 


Breakdown of an Insulator. Electronically, there is no fundamental 
structural difference lietween conductors and insulators. Rather, the 
distinction lies in the relative cohesion of the electrons and protons 
within the atoms (refer to Fig. 3). A good insulator, when used within 
its limits, will not release any of the electrons from its atoms under the 
influence of an electric charge. Nevertheless, an electric charge has a 
definite effect upon these electrons and also upon the protons of the 
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renter nucleus. The electrons are drawn toward the positive charge and 
the protons toward the negative charge, causing a distortion of the atom. 
For every type of substance, if the electric charge is made great enough, 
a point is reached where this distortion is so great that an electron finally 
does break awa> from the alum. When this hapjierw, we say that the 
insulator has l>een ''ruptured, 11 and partial breakdown has occurred. 
Actually, when partly breakdown occurs, it is usually rapidly foliow^ed 
by complete bre ikdown. The freed electron bumps into other severely 
strained atoms, knocking other electrons loose. The action is cumulative 



Fir, .) Vti insula* n nfoin midoi Urn influent e of an electric field (a) Distortion. 
(bj Breakdown. or t upturn 

and results in complete disintegration of the insulator, which then 
beeumos a conductor at the point of breakdown. 

The effect of temperatuie upon insulators is very important. Any 
inciease in teinpeiattire increases the agitation of the moleeides and 
atoms of a substance in their motion, which in turn increases the frequency 
and violence of the collisions between Homs and between molecules. If 
the electrons are already straining to break away from Iheir atoms 
because of the influence of an electric charge, such collisions will tend 
further to weaken the atomic structure and cause eloi tions to Imj released. 
It can be seen, therefore, that the efficiency of an insulaior decreases as 
the temperature increases. 


MAGNETISM 

Everyone is familiar with the action of the common magnet. If a piece 
of iron is placed in proximity to a magnet, it will be attracted to the 
magnet, and the magnet is said to be surrounded by a magnetic field 
* and that any iron within the coniines of this field will feel the attraction 
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of the magnet. Interesting as this phenomenon is historically, its use in 
modem engineering is comparatively limited. 

Electromagnetism. In an earlier part of thin chapter we discussed the 
effect of connecting a positively and a negatively charged body with a 
conductor. When a conductor lias thus been placed within range of the 
attractive and re]>ellent forces of such bodies, it is said to be in the 
presence of an electric field. Placing a conductor between such bodies, 
we have seen, results in a flow of current in the conductor. The electrie 
field is present wherever there are two oppositely charged bodies, whether 


/ 

/ 




Fm 4. (a) The heM ubuut <i c uncut-i urrj conductor (b) Illustrating the right - 

hantl rule. 


there is a conductor or not 11 a conductor is connected in this way, 
however, current flows, and the phenomenon of a moving electric field 
iH present. It has been determined experimentally that such a moving 
field has the peculiar effect of creating a magnetic field. Such a magnetic 
field has the identical properties of the magnetic field surrounding a 
natural magnet. It has also been demonstrated that, conversely, a 
moving magnetic field causes an electric field. As a result of these experi 
ments, the two basic Jaws wore formulated which produced the ground¬ 
work for much of our present-day electrical industry. These laws are: 

1. A moving elerltic field create* a magnetic field. 

2. A moving magnetic field create* an electric field. 

An electromagnetic field is always at right angles to the direction of 
motion of the electric field that produces it (see Fig. 4). In general, the 
strength of an electromagnetic field is directly proportional to the strength ' 
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of the current. The magnetic field about any given conductor can be 
greatly increased in intensity by winding the conductor in the form of a 
coil, as in Fig. 6. The fields about adjacont turns add to each other, 
resulting in a comparatively powerful field concentrated in a smaller area 
than would bo the case if the conductor were stretched out in a straight 
lino. The actual strength of the field, of course, will be a direct funotion 
of the current intensity and the number of turns in the coil. 

The directioi of the magnetic field about a couduetor can be easily 
determined by the applicatic n of the right-hand rule (see Fig. 4). If the 
conductor is grasped in the v'ght hand with the lingers around the con¬ 
ductor and the extended thumb pointing in the i. rcclion of the current 



Fit,, f> Marmot if field nhonl a mil Xoiifo how the 1int*q of foire, instead of revolving 
about the individual 1 unis drl to tin* fields id mljuctmt turns, c mating a lonpir and more 
I’oweifui fioltl 


through tin* conductor, the fingers will point in the direction of the 
magnetic field. 

Magnetic Flux. From the right-hand rule it is apparent that a magnetic 
field about a conductor follow * a very definite pattern. This pattern is 
composed of a number of imaginary lines along which the attractive or 
repulsive force of a magnetic held acts. Technically, they are known as 
lines of force, sometimes called “lines of magnetic induction.’* The total 
number of lines comprising a given magnetic field is known as the flux 
of the magnetic field. The density of the flux of a particular field depends 
upon the nature of the medium through which it is passing. If a certain 
part of this medium allows a freer passage of the lines of force through 
it than does the surrounding medium, the major portion of the total 
flux will be concentrated in that part of the medium. The flux density 
can be defined, therefore, as the number of lines of force per unit area 
passing through any substance through a plane at rieht angles to the 
direction of the lines of force. 

Magnetic Permeability. Materials offer varying opposition to the 
passage of lines of force. The ability of a material to facilitate tiie passage 
of these flux lines is known as its magnetic permeability. The magnetic 
permeability of air is taken as a reference point aud is assigned a value 
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of unity. The specific magnetic pmneatrility of a substance may be defined 
as the ratio of the flux density produced in this substance by a certain 
magnetizing force to the flux density produced in air by the same mag¬ 
netizing force. Most substances have a ]>enneabj]ity of approximately 
unity, The most notable exceptions are nickel, cobalt, and iron, with 
iron having exceptionally high magnetic ]>ermeability. The permeability 
of a good grade of magnetic iron may be as high as several thousand. 

TERM1NOWGY 

The Coulomb. In order to proceed with the practical application of 
electric currents, it is necessary to assign quantitative values so that we 
may specifically refer to such currents. Since the smallest quantity of 
electricity is the electron, it is fitting that electricity should be measured 
in terms of the electron. The standard unit of quantity is the coulomb. 
It has been named in honor of the French physicist diaries Augustin 
Coulomb in recognition of his many contributions to the science of 
electricity in the late eighteenth and early nineteenth centuries. A 
coulomb is the amount of electricity represented by 8.28 times 10 18 
electrons. 

Hie Ampere. Jn dealing with electric currents, it has become necessary 
to find some designation with which to represent the amount of electricity 
flowing past a point in a conductor during a given unit of time. This 
un«t designation for current is called the ampere. Since one of the 
earliest uses of electricity was in electro] dating, one ampere was designated 
as that flow of electrons which will deposit 1.118 milligrams of silver per 
second from a silver nitrate solution in a standard voltameter. The 
ampere was named after another French scientist, Andre*Marie Ampere, 
who lived in the early nineteenth century. 

The ampere and the coulomb should not be confused. The coulomb 
represents quantity ; the ampere, current. In this case, an electric current 
might be compared to w r ater flowing through a pipe. One ampere of 
electricity flowing through a conductor is analogous to, for example, one 
gallon of water per Mcond flowing past a certain point in the pipe. A 
coulomb is the quantity of electricity transported by a current of one 
ampere flowing for one second. 

The Volt. Since the positively and negatively charged bodies respon¬ 
sible for the flow of current in a conductor represent a presmre, or electro¬ 
motive force, it is necessary that a unit l>e designated to enable us quanti¬ 
tatively to measure this force. The unit of electromotive force, abbreviated 
emf, is the volt, named in honor of the Italian physicist Alessandro Volta. 
The specific value of the volt has been standardized by modem physicists 
as 1/1.0183 of the electromotive force generated by a standard Weston 
cell. In other words, a standard Weston cell generates 1.0183 v. 
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(kmtmuing the previous hydraulic analogy, the volt, or voltage, may 
be compared to the pressure in a system of water pipes. When it is said 
that a certain number of pounds per square inch pressure will cause so 
many gallons of water per second to flow through a certain pipe, it is 
analogous to saying that a certain voltage will cause a resultant current 
of so many amperes in a certain conductor. The ability of a conductor 
to present a resistant to a flow of current is measured in terms of another 
unit, the ohm. One volt is the electromotive force necessary to produce 
a current flow of one ampere against a resistance of one ohm. This is 
discussed further in Chap. I\ 

The Joule. When 1 positi r e and negative eli ‘tricity are separated 
from each other, as the} 7 are in batteries and generators, these charges 
possess potential energy. If appropriate circuits pre established through 
which these charges can reiombinc, the potential energy possessed by 
the charges can be changed to heat, light, mechanical energy, or t ven 
chemical energy. Hence, electricity is a physical agent which is cap; Me 
of doing work. As such, sumo means had to he devised to designate ‘ta 
amount of work done by this euergy in order to correlate it with tiriu'k 
accomplished by other means. The unit of work is the joule. One joule 
is the amount of work done in one second by a current of one ampere 
at a pressure of one volt. The joule was named after the British scientist 
•Tames Prescott Joule, who was famed for his researches into the theory 
of the conservation ot energy. 

The joule is d.mctly 1 elated to other units of energy as follows: 

1 joule 0.25 >< 10 1B electron-volts, 

0.238 gram-calorie, 

- 0.738 foot-pound, 

10,000,000 ergs. 

The Watt. The unit of electrical power is the watt. Ouo watt is the 
rate at which work (in joules per second) is done by a current of one 
amjrare at a pressure of one volt. The w r att should not be confused with 
the joule. The joule represents the quantity of work done; the watt 
represents the rate at w T hich this work is done. 


where P power in watts; 

W amount of work (lone in joules; 
t - time in seconds In which W is done. 

It is apparent, therefore, that l watt is the rate of work represented 
by 1 joule per Becond; 740 watts equal L horsepower. The watt was 
named after the Scotsman James Watt, famous for his work on power,, 
especially in the field of steam. 
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Electrical Prefixes. It has become necessary in dealing with electrical 
quantities to adopt units which are multiples or submultiples of the 
standard units. This greatly facilitates the handling of extremely large 
or extremely small quantities of electricity. Instead of coining a 
redundancy of additional names for these multiple units, a system was 
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devised utilizing the principle of the metric s\ stein. The following is a 
tabulated list of the standard prefixes. 


iimiominu- 

Jllll 10 

nulh 

deci 

kilo- 

mega 


AJ tuning 

omo nullum millionth 
onn millionth 
olio thousandth 
olio lentil 
one thousand 
om million 


These prefixes are equully applicable to airy of the standaid units. 
Thus, one milliainpere is a thousandth of an ampere, one millivolt is a 
thousandth of a volt; one kilovolt is a thousand volts, one megohm is a 
million ohms. There arc many standard units that the reader will 
encounter as he progresses through the text, and the above prefixes are 
applicable to nearly all. 

In the following chapter, which deals with mathematics, a section is 
devoted to the use of exponents for the facile conversion of units to the 
various prefixes. The exponent system enables the user to avoid the 
handling of large, cumbersome figures in making conversions. 

Symbols. In radio, as in any exact science, clear thinking occurs only 
when one has a precise language that iH accurately expressed. The expres¬ 
sion of the science of radio by w r ord is not sufficiently complete to be 
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all-inclusive, despite the fact that no vocabulary is more precise than 
that used in radio. In order to exchange ideas efficiently! it is necessary 
to supplement word description with illustration. 

By illustration we do not mean mere pictorial repi esentation. To the 
layman, the circuit illustrated in Fig. 6 may seem eminently satisfactory* 
To the technician or advanced student, the drawing is comparatively 
meaningless. Figure a an illustration of a one-tube radio receiver. As 
a means of con* <'} mg information m 
concerning this receiver, the illustra¬ 
tion is extremely unsuitable. What 
is the > Nation of primary to second- q „ 

ary i.i the r-f cod * Is the relative ; 3 [S P| Jlj T 
move meut along the axis ? Or at an gj S? - * r \ 'M0 & 

angle * What type of tube is being r—= ^- *- 316 — Jr 

used? Is it a |>entode' A tetrooe? -i- 

A triode ? Is the filament directly or 

indirectly heated ? Does the output a- A* B* 

transformer have a core l (We may _J_ 5 - 

assume so from the manner in which „ „ i4 , 

, . v x Fin. 7. Sr hemal iu diagram of the rwouifc 

it 1 H used.) Is tlie c-ore shown in the , m . toriB ,i v m 6 . 

illustration ? 

Figure 7 illustrates a thematic diagram of the same circuit. Notice 
first its extreme simplir* \ Every needed factor is shown. The functions 
of the circuit can 1 e read -it a glance. No cumbersome, time-consuming 
artistry is attempted. The fixed capacitor is efficiently depicted by two 
parallel lines ; the \ariablc capacitor by two parallel lines with an arrow 
drawn through them. In the pictorial diagram, a fixed capacitor might 
appear in a variety of shapes or forms, and the only clue to its identity 
would he a sign labeling it as such. The only information required about 
a fixed capacitor in a circuit is its value and its use in the circuit. Both can 
l>o adequately represented by two parallel lines with the proper notation. 

The symbols for the component parts that make up schematic diagrams 
are many and varied. A complete list 01 standard symbols used in radio 
is given in Table I in the Appendix. The student is urged to memorize 
them and to refer to them as often as he encounters diagrams throughout 
the text. 


Tn general, there are two tyjies of diagrams utilized in radio work, 
namely, the schematic diagram and the wiring diagram. The schematic 
diagram is used wherever information is sought regarding the principle 
of operation, the theory, or the actual mechanics of a circuit. The wiring 
diagram is used whenever component parts or actual wires must be 
located on a specific piece of apparatus. Both types of diagrams have 
definite uses. Figure H is a wiring diagram of the receiver shown schem¬ 
atically in Fig. 7 as it might appear for a given chassis. 


3-(NY) 
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Suppose, for example, that this particular receiver becomes inoperative 
and the cause of the trouble is being ascertained. From routine tests, it 
is deduced that the trouble lies in an oj)en grid circuit. Reference to the 
schematic diagram discloses that such an open circuit can occur only in 
the secondary of the r-f transformer, in the grid capacitor, or in the wires 
connecting these components to each other and to the tube. The next 
step, obviously, is to test these components and wires in order to find 
which of them is open. The wiring diagram is now consulted. From it 
we learn the exact location on the chassis of each of the component parts 
and the wires connecting them, thus greatly facilitating the service work. 



Of course, this receiver is a very simple circuit, and the above procedure 
would undoubtedly be unnecessary In a complicated circuit such as a 
modem transmitter, however, the proper use of wiring and schematic 
diagrams saves a great deal of labor and time. 

QUESTIONS AND PBOBUSMS* 

1. If the diameter of a conductor of given length iH doubled, how will the 
resistance be affected } 

2. Name four conducting materials in the onlci of their conductivity. 

8. Refine the term “permeability.” 

4 . Refine a negatively charged body. A positively charged body. 

6. What factors influence the direction of magnetic linos of force generated 
by an electromagnet ! 

6. What is the umt of resistance ? 

7. What is the unit of electrical power? 

8 . What is the unit ol conductance? 

9. Refine the term “coulomb.” 

10 . What effect does the cross-sectional area of a c onductor have upon its 
resistance per unit length ? 

* These questions and problems are taken from the “ F.C.C. Study Guide for Commercial 
Radio Operator Examinations.” 









Chapter 11 

RADIO MATHEMATICS 


Tlie Hcienee of algebra is based on aritlunetic. The fundamental 
operations of algebra, just as in arithmetic are addition, subtraction, 
multiT lication, and division, in fact, there is no clea*' line of demarcation 
bctweeu arithniet :<i and algebra. The fundamental principles of eaeh are 
identical. In algebra, howevei, the* objective is to generalize the truths 
learned hi the study of arithmetic. Thus, in arithmetic one deals w‘*h 
the Arabic nimerah representing specific quantities. In addition .0 
numerals, algebra deals with fatten, which mav represent known an ' 
unknown quantities. The use of algebra, therefore, permits the applies 
tion of the principles of arithmetic to a much broader field. 

ELEMENT A RY A LG EUR A 

Positive and Negative Numbers. In arithmetic, the signs \ and - are 
used to indicate .ilditiiu and subtraction. Iu other words, these signs 
are used to indicate the op«. ration to hi performed. In ulgebra, in addition 
to the above usage, these signs are used to indicate opposite slate# of 
quantities; a number or quantity must lie either a positive or a negative 
quantity. The •>lienee of am sign preceding a number is taken to 
indicate that the quantity is positive. 

The concept of positive and negative quantities is derived from the 
fact that in the stud} of any science physical quantities often exist iu 
opposite states. Thus, in radio, there arc losses and gains in amplifiers, 
amplification and degeneration , there are plus voltages and minus 
voltages in a circuit. The handling of such opposite quantities in mathe¬ 
matical problems is greatly facilitated by representing them as + or - - 
quantities. Thus, if a certain gain in an ampliliei is represented as 
-f 10 db, an equal loss in the amplifier must be shown as 10 db. 

In algebra therefore, it should be remembered that one may count, 
not only from zero upimrd , as in arithmetic; 0, 1, 2, 3, 4, 5, 8, 7—but 
also from zero downward. This can be represented on a horizontal scale 
as follows: -9,-8, - 7, - 6, - 5, 4, 3, 2, - I, 0, + 1, + 2, 
+ 3, + 4, + 5, + 6, + 7, + 8, -[ 9, where all values to the right of 
zero are positive values and all values to the left of zero are negative 
values. 

The operations of addition and subtraction are thus reduced to counting 

17 
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along a scale of numbers. For example, 8 is added to 4 by beginning at 
+ 4 in the scale and counting 3 units in the ascending, or additive, 
direction, giving the result of f 7- Three is subtracted from 4 by begin¬ 
ning at the + 4 in the scale and counting 3 units in the descending, or 
subtractive, direction, giving the result of f 1. By extending this rule to 
apply in all cases, it is possible to perform operations that have no 
counterpart in arithmetic. Thus, 7 can be subtracted from 4 by beginning 
at + 4 in the scale and counting 7 units in the subtractive direction, 
obtaining the result 3. 

The above operations of algebraic addition and subtraction may be 
generalized in three rules, which the student should memorize: 

Rule 1 When adding two numbers of lHe signs, add in the usual 
arithmetical manner , and tfu answa will take th sign of the original numbers. 

Thus, 

H 4 plus ( 3 - | 7. (1) 

4 plus - 3 - 7. (2) 

Rule 2. When adding two numben o/ unlike signs, subtract the smaller 
from the larger, and tin ansivtr will take (hi sign of the larger. 

Thus, 

4 4 plus - S - - 4. . (3) 

7 plus i 2 (4) 

Rule 3. Whin s nbltatUmj nn< numbtr from another , change the sign of 
the subtrahend and add . 

Thus, 

4 minus - (i 4 JO. (5) 

J 10 minus | 2 * 8. # (0) 

When adding oi subtiacting quantities mvohing mine than two 
numbers, the geueial piocedurc is to gather all the numbers oi like signs 
and add them. The indicated operation is then pcrloimed with the 
resultant quantities. 

Thus, to add | 7 3, 8, { M | 11, and -0, 

3 f 32 

8 17 

U 

l 15 Aits. 

17 

The operations of multiplication and division are performed in algebra 
just as they are in arithmetic. In algebra, however, one must take 
cognizance of the positive and nogative ^ates of the quantities involved. 
The rules governing the sign of the product or quotient of these operations , 
are as follows: 


I U 
i 11 

-I 32 
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Rtde 4. Whm multiplying or dividing number* having like sign*, the 
answer is always positive. 

Thus, 



4 ■ 2 - 

+ 8, 

(V 

- 4 

V - 2 

4 

+ «. 

(») 


2 " 

+ 3. 

(*) 


4 

— 2 

-1 2. 

(10) 

R> h 5. Whm multiply* t g 
th*> jnswer is alwiys negative. 
'Hum, 

or dividing numb : 

* having unlike eigne. 

s 


!«, 

(11) 

s 

-* 

H 

in. 

(12) 


4 

5 

-> 

“3 

■13) 


4 

2, 

(14) 


In algebra, the multi plication sign ( >') is dispensed with because of the 
possibility of its being confused with the letter x. Multiplication, ifl 
indicated simpb by a dot (■) between the two quantities involved. Thus, 
2 ■ 2 means the same u 2 \ 2. Where the quantities are expressed in 
letters, the multiplication sign is usually omitted. Thus, IR, I X -fi, 
and I • R all have the same meaning. 

Multiplication is also often indicated by enclosing one or both of the 
terms concerned in parentheses. Thus, a(b), («)(&), and ab have the same 
meaning. Similarly, ,r(n b) moans that the term a b is to be multi¬ 
plied by .r. .r(« — b), therefore, is equal to xa xb. Wherever two or 
more terms are combined, il is customary to uiTange them in the pro¬ 
gressive order of the alphabet. Thus, xa xb is more projierly written 
ox- hr. Tliis is simply a matter of form, since the numerical value of 
the expression is unaffected by the order in which it is written. 

Parentheses are used whenever it is desired to indicate that a term is 
to be treated as a single-number expression. Any group of torms related 
to each other by addition or subtraction must be treated as a single 
term so far as any operation other than the indicated ones (addition or 
subtraction) is concerned. Thus, in the expression o--b - c, it is 
impossible to divide or multiply only the b by a number. The entire 
terra as a whole must l>e divided or multiplied by the number. Parent 
theses are used to indicate the operation to be performed in the cane of 
multiplication. Thus, if it is desired to multiply a — b- -c by 2, the 
operation is indicated 2(a - b — r), and the result is 2a — 2b — 2c. 
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At ijr one of the factors into wliich an indicated product oan be dissolved 
is called the coefficient of the remaining factors. Thus, in the expression 
o6c, a is the coefficient of be ; 6 is the coefficient of ar ; and r is the 
coefficient of a6. If an indicated product is composed of a numerical and 
a literal factor, it is customary to write the numerical factor, or coefficient, 
first. Thus, 5ab is approved form, but abb and abb are not. If a term is 
composed of a known and an unknown factor, both literal, it is customary 
to write the known factor, or the coefficient, first. For example, if a is 
known, x is unknown, and it is desired to indicate the multiplication of 
a and x } the proper written form is ax. xa, although having the identical 
numerical value, is not approved form. 

The algebraic signs for division remain the same as those utilized in 
arithmetic, although it is usually more convenient to express a division 

in the fractional form. Thus, 1 : J?, IjR , and have the same meaning. 

In performing the operations of addition, subtraction, multiplication, 
and division with letters having unknown values, the operation is carried 
out as far as possible under conditions of the problem, uud the result is 
then indicated in the simplest form to which it has been possible to 
reduce tho problem. Thus, a* a - « 2 , just as 2 • 2 - 2- or 4. There is 
no possible way in which we may actually multiply a by a unless the 
numerical value of a is known. However, we may indicate that a lias 
been multiplied by itself by use of tlic notation a 2 . The product of ab, 
however, can be simplified no further, since a and b represent separate 
unknown quantities. Similarly, the final expression representing the 


division of a by 6 is In all other respects, letters in algebra can be 

handled precisely as are numbers. Thus, a -f a — 2a ,* b + b 2b : 
a 26 

- 1; -r- — 2; and so on : since in anv given problem the value of a 

a 6 

given quantity remains the same. 

The Simple Equation. An equation is simply a mathematical expression 
of an equality. Thus, the expression 4 -f 3 — 7 is an equation. An 
equation is said to consist of two sides, or members. In the above equation, 
4 + 3 is the left member, 7 is the right member. 

Any number that satisfies the condition of an equation is called a 
root of the equation. Consider the equation 


x + 4 -- 10. (16) 

Since, by definition, an equation is an expression of an equality, it follows 
that x in Eq. (16) must equal 0. Since 0 is the number wiiich satisfies 
the condition of the equation, 6 is the root of the equation. Simple 
equations have but one root. 

Solving an equation is the process of finding the root or roots of the 
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equation. The final objective in solving an equation, therefore, 33 to 
have the unknown isolated in one member of the equation and all the 
remaining values in the other member of the equation. In achieving 
this objective, anything may be done to an equation, provided that the 
operation yields an equivalent equation. Equivalent equations are 
equations having the same roots, or solutions. 

The following ru'es will serve to guide the student in the solution of 
simple equ&tioi > 1 

1. The name expression m*i / he adder! to both members oj an equation. 

2. The same expression nay be subtracted frtm both members of an 
cgw non. 

3. Both rnemL r s oj the equation may bt multiplied or divided by the same 
expn astern, provided that th's upnssion is not zero ami does not involve 
the unknown s of the equation . 

It should be remembered that none of these operations may he >er- 
formed on just one member of an equation. Whatever operation is 
performed on one member of en equation must also he performed oh uhe 
remaining member. If thi*. rule is not adhered to, the condition of equality 
is destroyed and the resulting expression is therefore no longer an 
equation. 

The above rules have led to certain mechanical processes that con¬ 
siderably facilitate tie solution of equations. Thus, a tenn appearing on 
both hides of an tquatum can l>e canceled. 

j f a .■)[-«. ( 16 ) 

By cancellation 

a r>. (17) 

It is seen, therefore, that the process of cancellation is an application 
of Kule 2. sime it is equivalent to subtracting the same term from both 
numbers. 

A term can be transposed from one member to the other simply by 
chauging its sign. Thus, 

.1 + a - r» f b. ( 18 ) 

By transposition, 

x -5+6-a. (19) 

Similarly, 

.r+.-i 7. (20) 

By transposition, 

x -- 7 r>, (21)' 

and ^ 

x - 2. (22) 

Transposition is simply another method of applying Rule 2 to the 
solution of equations. Thus, in Eq. (18), if a is subtracted from both 
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members, the resnlt is Eq. (19). Similarly, when 5 is subtracted from both 
sides of Eq. (20), the result is Eq. (21), which by arithmetic becomes (22). 

Since the ultimate objective is to isolate the unknown in one member 
of the equation, the entire equation should be simplified as much as 
possible before attempting to segregate the unknown. The solution is 
therefore performed in progressive steps, each of which further simplifies 
the equation. The solution of a simple equation is best performed in the 
following steps: 

1. Clear the equation of fractions by multiplying both members by 
the lowest common denominator of the denominators of the equation. 

2. Remove all parentheses by j>erforining the indicated operations. 

3. Transpose all terms involving Ihe unknown to the left member. 

4. Transpose all the remaining terms to the right member. 

5. Combine all terms in the unknown, exhibiting it as a factor. 

6. Divide both sides by the coefficient of the unknown. 

7. Check the solution by substitution in the original equation. 


Problem. Solve 


Jr - 4 _ r — 3 3 f 

3 2 10 


(23) 


Solution. Clear of fractions by multiplying both members by the least 
common ch nominator 30. Thus. 

10(r 4) - ]fi(.r- 3) - 3(3 \ j) SO (24) 


Remove the parentheses by performing the indicated multiplications 
Htr - 40 15* | 45 !M 3.r SO. 

Combine terms. 


— fijr I 5 3* 51 


Transpose all teuns involving x to the left mcmbci 

5.r 3 1 1 5 51 

Combine terms 

S x | 5 51 

Transpose all terms not involving x to the* right nicuibci 


Hr - 


5<> 


Divide both sides by the coefficient of x , that is, by - 8 

* = 7. 

Check by substitut ion in the original Eq (23) 

7 - 4 _ 7 - J _ 3 \ 7 _ ^ 

3 2 10 

3 _ 4 _ L° * 

3 2 10 

1 - 2 - 1 - 2, 

- 1 - — 1 . 


(23) 

(26) 

(27) 

(28) 

( 2 ») 

(30) 

(31) 

(32) 

(33) 
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Ratio and Pkoportkm. The relation of two numbers that is expressed 
by the quotient of the first divided by the second is called the ratio of 
those numbers. The customary sign of a ratio is a colon (:). In radio 
work, it is usually more convenient to express a ratio in fractional form. 

Thus, the ratio of a to b may be written a : b , or or ajb. 


An equality of two ratios is called a proportion. A fractional equation 
having one frac- inn in each member may therefore be called a “propor¬ 
tion.” Thus, the equation 


a _ t 

b~ d 


(34) 


is a proportion. It can therefore be read: a is to b as r is to d. This 
may be expressed: a : b ' ■ </ where the double colon (::) is used 
in place of the sign of equality. 

Proportions are often used in radio work, especially in circuits inyolviitg 
the Wheatstone bridge (see Chap. IV). A number of rules have bt m 
propounded governing the mathematical manipulation of proportion. 
Of these, two are used often enough in radio work to justify their dis¬ 
cussion here The reader is urged to familiarize liirnself with them. 
They not only facilitate operations involving proportions but also often 
materially aRsist in the solution of equations involving fractions. 

In a proportion, tJ * first and fourth terms are the extremes; the 
second and thiio » tiuh, tne means. Tn Eq. (34), a and d are the extremes, 
and 6 and c are the means. 


Rule 1. In any proportion , the product of the means is equal to the 
product of the extremes . 


Given 

a 

c 



b " 

<i 

(34) 

Then, according to Rule 1, 

ad 

bt. 

(85) 


This is readily proved by eliminating fractions from Eq. (34) by ordinary 
algebraic means, that is by multiplying both members by bd . 

Rule 1 is often used in the solution of fractional equations that are 
proportions. It is almost ah ays simpler and more rapid. Thus, in the 
equation 

7 (a f x) ~r '-i r ^ 

it is much simpler to multiply the means and the extremes in oi ter to 
clear of fractions, giving the result 

21 (a + jc)~- 2(x +- <*)- (37) 



24 


RADIO TECH NO L007 


The alternative method of clearing fractions would involve the cumber¬ 
some least common denominator 7(a *f x)(x + r). 

When Rule 1 is applied to clear an equation of fractions, it is customary 
to say that the fractions have been cleared by cross products. This is 
derived from the fact that if a line is drawn through each pair of factors 
to be multiplied, the resulting configuration is a cross or x. 

Rule 2. In any proportion, the ratio of the numerator* in equal to the 
ratio of the denominator w, that in, th< termn are in proportion by alternation. 

Given 


a c 
b d 

Then, according to Rule 2, 

a b 
r d 


(34) 

(38) 


This is readily proved as follows: By cross products, Rq. (34) becomes 

ad hr. (33) 


Dividing both sides by rd , Rq. (35) becomes 


a b 
r d 


(38) 


The Simultaneous Simple Equation. Two or more equations that arc 
satisfied by the same sot or Rets of values of the unknown numbers form 
a system of simultaneous equations. For example, each of the equations 


and 


■j \- y ~ r> 

x y 1 


(39) 

(40) 


can be satisfied separately b\ an unlimited number of different sets of 
values for x and //. Thus, Eq. (39) can be satisfied by 


r 4, y 1 , 

t 3, y 2 

.< 2 , // 3 , 

.t I, ?/ 4, 

and so on. Similarly, Eq. (40) can be satisfied by 


j 2, // 1 , 

x 3, ?/ 2. 

j \ y 3, 

r 5, y - 4 . 

and so on. There is only one set of values, however, that satisfies the 
conditions of both equations, namely. 

x 3 and y - 2. 
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Since there is a set of values that satisfies both equations, Eqs. (39) and 
(40) are called simultaneous equations. They are also sometimes called 
OOnsMent equations. When there is no set of values of the unknown 
terms that satisfies the conditions of a system of equations, the equations 
are called inconsistent equations. Thus, the equations 

+ 7 (41) 

and 

* + y - a (42) 

have no common set of values 'oi x hj ri y and therefore are inconsistent 
equations. Inconsistent ©qua 1 ions cannot be soh *d by the methods 
applicable to the solution of simultaneous equations. 

Simultaneous simple equations aie solved by /arious processes of 
elimination, known as elimination by addition or subtraction, elimination 
by comparison, and elimination bv substitution. 

Elimination by addition or subtraction consists of eliminating tic 
terras having the same unknown ul both equations. This is accoxnptishe 
by first multiplying (when necc. sary) one of the equations by a factor 
that will make Ihe coefficient of one of the unknown terms equal to the 
term having the same unknown in the remaining equation. If these 
terms m the same unknown ha\e like signs in each equation, they may be 
eliminated by byhlrartinq the equations from each other. If they have 
unlike sivns, they may hr eliminated by ailfling the equations to eaeli 
other The icsult. v eqiuMon is then solved for the remaining unknown 
by the methods applicable to simple equations. When the equation is 
solved, the answer is substituted in one of the original equations, and 
this original equation is then solved as a simple equation to find the 
remaining unknown. 


Problem. Solw 


Ikr- 4?/ 7, 

(«) 

j | 10#/ 25. 

(44) 

Solution. Multiply- Eq. (44) by the faitoi 3. 


3r 1 .*% 75. 

(45) 

Subtract Eq. (45) from Eq. (43), thus eliminating the 
unknown x. 

terms involving the 

3j 4 y - 7 

(43) 

3r i 30#/ - 75 

(46) 

- My - HS 

(48) 

Then 


r>8 


- 34 

(47) 

and 


y 2. 

(48) 
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Substitute the value of y obtained in Eq. (48) in Eq. (43). This yields the 


equation 

3x-8- 7. 

(40) 

Solving, 

- 



3x -r 15, 

(80) 


J5 

(51) 


x ;r 

and 

x — 5. 

(52) 


The solution that satisfies both of the original Eqs. (43) and (44) is 
x — 5 and y — 2. The answer can bo chocked by substituting these 
values of x and y in each of the original equations. 

Elimination by comparison consists of finding an expression for the 
value of the same unknown term in each equation and then equating, or 
comparing , the two expressions. The equation thus formed is solved for 
its unknown. The answer is substituted in one of the original equations, 
which is then solved for the remaining unknown. 

Problem. Solve 

3x-2 y = 10, (53) 

x \ y- 70 (54) 

Solution. The same unknown trim is obtained in each equation by multi¬ 
plying Eq. (54) by the factor 2. Equation (54) then becomes 

2x | 2y - J40. (55) 

An expression for the same unknown term 2 y in each equation is then found 
by solving each equation for 2y in tci ms of the remaining values. Equation (53) 
thus becomes 

2 y - 3x 10 (56) 

Equation (55) becomes 

2y - 140 2x. (57) 

Since the left members of both Eqs (56) and (57) are equal to each other 
(2y - 2y), it follows that the right members must be equal to each other. 
This is derived from the fundamental mathematical axiom that things equal to 
the samt things an tqual to each other . The right members of Eqs (56) and (57) 
may therefore be equated as follows ■ 

3x 10 — 140 — 2x. (68) 

Equation (5b) is solved foi its unknown, with the result 

a- - 30 (59) 

The value of .r obtained iu Eq. (59) is then substituted m either of the original 
Eqs. (53) or (54). By substitution, Eq. (53) becomes 

90 — 2y - 10. (60) 

Equation (60) is then solved for y, with the result 

y = 40. 


(61) 
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The solution that satisfies both of the original Eqs. (53) and (54) is 
therefore x «- 30 and y = 40. The solution can be verified by substituting 
these values of x and y in each of the original equations. 

Elimination by substitution consists of solving one of the equations 
given for one of its unknowns in terms of the remaining unknown. The 
answer thus obtained is substituted in the other equation which is solved 
for the remaining oiknown. The value obtained for this unknown is 
substituted in e 1 1 ei of the original equations to find the numerical value 
of the first unknown, 

Problem. Solve 

jt - y -- 4, (62) 

r 14. (63) 

Solution. Equation (62) is solv’d toi ,r in terms of the remaining vul 'es; 
thus, 

x — y | 4 mt) 

This value of x, that is (y \ 4), is substituted in Eq (63). 

4// y 4-14 (65) 

Combining terms, 

-4 14 (66) 

Solving, 

V - u (OT) 

The \ alue of y o» hmici. ■ i Eq. (67) is then substituted in (62), which becomes 

.c 0 4 (68) 

Sf living, 

j- 10 (66) 

Tin* three standaid methods of solving simple simultaneous equations 
by elimination arc applicable undei all circumstances. Nevertheless, 

each method has its advantages for special cases. The student should 
study each pioblem and select the method best suited for its solution. 

The Theory of Exponents. A number or letter placed a little above 
and to the right of a number is called an exponent of the power thus 
indicated. The exponent indicates how many times the number is to 
be used as a factor that is, how many times the mi nbei is to be multi¬ 
plied by itself. Thus, in the expression 5 3 . 3 is the exponent. This indi¬ 
cates that r» is to be multi pi ed by itself 3 times, 5 s . therefore, is equal 
to 5 • 6 • 5, or 125. The expression 5 J is read fc 5 to the third power” or 
“5 culled ” 

Exponents find tlieir greatest application iu radio work in performing 
arithmetical operations involving extremely small decimal fractions or 
extremely large whole numbers The solution of problems involving 
arithmetical operations with such cumbersome figures is greatly facilitated 
by comerting these figures to whole numbers aud like numbers having 
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exponents. Like numbers having exponents may very easily be combined 
in any arithmetical operation. Unlike numbers having exponents must 
first have the operation indicated by the exponent performed before 
they can be combined in any manner; for example, 8 e , 7 3 , and 0 7 are 
unlike numbers having exponents. Before any arithmetical operation can 
be performed with the three latter numbers, they must first be raised to 
the power indicated by the exponent. Since they offer no practical 
advantage as a Hhort cut in radio work, unlike numbers having exponents 
will not be discussed here. 

The main adv antage of converting unwieldy decimal or whole numbers 
to whole numbers combined with like numbers having exponents is that 
arithmetical operations may be performed more quickly and easily and 
with fewer opportunities to make errors. The conversion to numbers 
having exponents is most easily accomplished by using exponents to the 
base JO, that is, by converting the number to a smaller whole number 
multiplied by 10 raised to the proper exponential power, because the 
conversion in this case consists simply of moving the decimal point of 
the number either to the right or to the left, as the occasion warrants. 
For this reason, nearly all the exponential numbers in radio problems 
are to the base 10. 

The following rules govern the use of hk( numbers having exponents 

Rule 1. Tim or more like numbm having exponent ,s may In multiplied 
by adding tin fxponrnts and affixing the n suiting txponnil to the common 
number. 

Thus, 

I0 4 ■ ID 2 ■ 10 3 10*\ (70J 

10 2 - JO 3 * 10° - I0 n , * (71) 

8 b • H* ■ S 4 8 12 . (72) 

According to Rule 1, the product of a x and a v will therefore be a x + v . 
If y is equal to zero, this becomes a H °, or. 

a'-a°-a\ (73) 

Solving this expression for a °, Eq. (73) becomes 

a T 

a 0 - (74) 

from which 

a° - 1. (75) 

From the above is derived the second rule governing exponents: 

Rule 2. Any number (other than zero) with a zero exponent is equal to 1 . 

If Rule 1, governing the multiplication of numbers having exponents, 
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Is to hold true for all cases, it must also apply to numbers having negative 
exponents. Thus, according to Rule 1, 

a' ■ = a*~*. (76) 

For the special case where the exponents are numerically equal, 

a x • a ~* =r a* * = a 0 . (77) 

However, according i ) Rule 2, 

fl° - 1. (78) 


Substituting in Eq. (77), the'* mvalent value of a 0 obtained from Eq. (78), 

I'-er'-- 1. (79) 

Divining both members of Eq. (79) by a x (solving for <*“•), 


a x 


1 

a* 




From the above derivation, Rule 3 has been tormulatod. 


Rule 3. Any numlm with a negative exponent is equal to the reciproc^ 
of the same number with a numerically tqual positive exponent. 

According to this rule. 


1 


and similarly, 

It follows, therefore, that 

a A 
b~ v 


b v - 


I 

h* 


1 

a' 

2 

h* 


I 6" 
«' I 


by 

a J 


(« 0 ) 


(81) 


(82) 


From the above, the following rule is derived. 

Rule 4. Any numbtr haring an exponent may be transferred from the 
numerator to the damn in a lor of a fraction , or vice versa, by changing the 
sign of the exponent . 

l(f 

Applying Rule 4, it is apparent that the fraction ^ can he converted 
to simply 10 3 . Ueneralizing, 


a T 
a v 


= a r 


(83) 


from which Rule 5 is derived. 

Rule 6. Like numbers ftanng ejpontnts may be divided by subtracting 
exponent* and affixing the resulting exponent to the common number . 
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(84) 

(85) - 


The process of raising a number to a power is called involution. In¬ 
volution of numbers having exponents is accomplished by multiplying 
the exponent by the power to which it is to be raised. Thus, 


(I0 4 )* - 

10 “, 

(M) 

(10 3 ) 8 ^ 

10» 

(87) 

(10 3 ) 4 - 

10 la . 

(89) 


The process of extracting a loot of a number is called evolution. 
Evolution of numbers having exponents is accomplished by reversing 
the above procedure, that is, the exponent is divided by the root which 
it is desired to extract. Thus, 


v'io* 

](H, 

(90) 

V s 7o« - 

10 2 , 

(91) 

10 “ 

10 * 

(92) 


The application of the operation of evolution to numbers having , 
exponents has led to the use of fracUoml exponents. Fractional exponents 
are simply more practical methods of expressing the extraction of a root 
of a number that is to be raised to a power, that is, a number having an 
exponent. For example, Eq. (92) can be expiessed as 10 s4 . By perform 
ing the division indicated by the fraction, the term becomes 10 2 . 

In converting numbers to numbers that are in exponent form, the 
following principles will ser\e to guide the student. 

A whole number is converted to a number in exponent form by taking 
that part of the number up to and including the last digit and multiplying 
it by 10 raised to a power that is numerically equal to the number of 
ciphers between the last digit and the decimal point. Thus, 

112,800,000 328 ■ 10\ (92) 

3,000 - 3- 10 s . (93) 

A decimal fraction is converted to exponent form by multiplying the 
digit portion of the expression by 10 raised to a mgoliw exponent, which 
is equal numerically to the number of ciphers and digits from the decimal 
point up to, and including, the last digit. Thus, 

0.0005 -= 5 - 10” 4 , 

0.00079800 =- 798 • 10 •. 


(94) 

(95) 
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When the limits of accuracy permit, whole numbers are often taken 
to the nearest* million or hundred thousand to facilitate conversion to 
exponential form. For example, 927,235,628 can be roughly taken as 
927,000,000, or 927 * 10 6 , with usually negligible sacrifice of accuracy. 
Similarly, 0.000893264 can be taken as 0.0009 or 9 ■ 10" 4 . 

One of the most common applications of exponents in radio work is 
in rapid conversion of units having metric prefixes (see Chap. 1) to units 
having other prefix** or no prefix at all. Since the prefixes differ according 
to the metric system, a con vers, m is accomplished by either multiplying 
or dividing by 10 or some pow r of 10. By the use of exponents, such 
conversion is reduced to the simple operation of mui iplying the term in 
question by 10 rais i to the proper positive or negative exponential power. 
Thus, to convert 6.2885 kilovolts to \olts. Himply multiply by 10®, or 

6.2835 k\ 6.2835 ■ 10® v. (0* \ 

Similarly, J,003 /if becomes 1,003 ■ 10“ e f, and so on. It is good praQftic' 
in the solution of technical problems to eliminate decimal points alto 
got her so far as possible by oomerting the terms to whole numbers 
multiplied by 10 to the proper power. The common mistake of misplacing 
the decimal point throughout the many operations of a complex problem 
is thus avoided. It is then necessary to count off the decimal places only 
once in the answer. Th"s, 6.2S35 kv in Kq. (96) can be converted to 
exponential form i y multiplying by 10,000 or 10 4 , giving the whole 
number 62,835. However, a given value cannot casually be multiplied 
by whatever factor is convenient. In order to maintain tho original 
value of the term, the resulting whole number must Ik* divided by an 
amount equal to '.hat by which it has been multiplied. This is indicated 
in exponential form as follows: 


6.2835 kv - 62,835 ■ 10 4 kv. 


(97) 


and 

Similarly, 

and 


6.2885 k\ - 62,835 • 10 1 v. 
0.003/if = 3 • 10 3 /if. 


(98) 

(99) 


0.003/if -■ 3* 10 «f. (100) 

The solution of a typical radio problem with the aid of exponents 
follows. 


Problem, (liven 

A>- 1 TWO, (101) 

where X, is in ohms, 2w is the constant 6.28,/iB 10 ko, C is 0.004 //f. Convert 
all terms to basic units (cycles, farads), and solve for X ( . 


4 - (N \ ) 
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Matron* 



1 

6.28 • 10,000 • 0.000000004 

(102) 

Converting to exponents, 

1 

628 ■ 10~ 4 • 10 4 * 4 • 10~ 9 


X e 

(108) 

Combining terms, 

1 

628 4■I0" 7 


X, -= 

(104) 

Moving exponent to numerator, 


X, 

10 7 

628 ”4’ 

(106) 

By arithmetic cancellation, 



x r 

10,000,000 2,500,000 

628 • 4" 628 ’ 

(106) 

X, 

3,980 ohms. 

(107) 


The only arithmetical operations necessary for the solution of the 
above problems were the simple cancellations of step (106) and the small 
division of step (107). The extremely awkward multiplication and 
division of step (102) along with the attendant greater risk of error was 
completely avoided by the use of exponents. 

Logarithms. In the history oi mathematics, it was not long before 
the advantage of performing arithmetical calculations by means of 
exponents was recognized. Early in the seventeenth century, the limit¬ 
ations of exponential calculation led to the development of a more 
advanced system of computation known as ‘‘logarithms.” Logarithms 
were invented by the Scotsman Lord Napier and are an outgrowth of 
the original theory of exponents. Logarithms are designed to simplify 
long computations by representing all real positive numbers as powers of 
some particular number. The exponents of these powers are called 
logarithms and are arranged in tables for convenient reference. In 
accordance with the principles of exponents, multiplication, division, 
involution and evolution of lengthy numbers arc replaced by addition, 
subtraction, multiplication, and division, respectively, of the logarithms 
of the numbers. 

The particular numl>er that is used as the bane throughout the system 
of logarithms was the subject of considerable discussion between Lord 
Napier and Henry Briggs. For various reasons, it was at first thought 
that logarithms to the base of an irrational number whose approximate 
value is 2.71828 would be an advantage. The system utilizing this base 
is called tlie Napierian, or natural, system of logarithms. The manifold 
advantages of logarithms to the base 10 were soon recognized, however. 
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The development of this system is due largely to Briggs, and it is in his 
honor that the system to the base 10 is called the Briggs, or common, 
system of logarithms. The latter system is more extensively used through¬ 
out the world and is used almost exclusively in radio engineering. All 
logarithmic work in this book will be according to the Briggs system. 

The exponent of the jmwer to wliioh the number 10 must be raised in 
order to produce a given number is called the logarithm of the given 
number. Thus, t le logarithm of 100 is 2, since 100 -- 10 2 , or 10 raised 
to the second power. 

A table of logarithms is sini} .3 a table of | owers (exponents) to which 
the tp mber 10 must be raised to obtain any number. A typical logarithm 
table computed t.» four decimal places is included in the Appendix. It 
is obvious that since this talk includes a great many numbers that are 
not whole powers of the numl>ei 10 it is composed almost entirely >f 
fractional decimal numbers. Tht logarithm of a number other than f r i 
integral power of 10 is composed of an integer and a fractional, or degmu 
part. The integral part of a logarithm is called the characteristic, and th 
decimal part is called the mantissa. 

The characteristic of the logarithm of a number is obtained by observa¬ 
tion of the number and is therefore not included in the table of logarithms. 
A table of logarithms is actually a table of the mantissas of logarithms. 

The following ruleH .rve to guide til** student in determining the 
characteiistic of th* logarithm of a number: 

Rule i. The characteristic of the logarithm of a number greater than 1 
is either positive or zero and is 1 less than the number of digits in the integral 
part of the numbtr. 

Rnh 2. The characUristic of tht logarithm of a dtcimil is negative and 
is nvmtncally 1 greater than the number of ciphers im mat lately following 
tht dtcimal point . 

Logarithm is customarily abbreviated “log,” and the abbreviation is 
used without a period. According to the above rules, 


characteristic of log 7590 = 3, 

(108) 

characteristic of log 759.0 2, 

(109) 

cliara et eristic of log ^5.90 1, 

(110) 

characteristic of log 7 590 0, 

(111) 

characteristic of log 0.7590 - 1, 

(112) 

characteristic of log 0.0759 - 2, 

(113) 

characteristic of log 0 00759 - 3, 

(114) 


and so on. 

It Bhould be noted that for decimals, such as those in 12), <113), 
and (114), only the characteristic of the logarithm is negative. The mantissa 
as taken from a log table remains positive, regardless of the sign of the 
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characteristic. Placing a negative sign Iwfore the entire logarithm of a 
decimal is therefore incorrect. This difficulty is overcome by adding 10 
to the characteristic of the logarifhm when the characteristic is negative. 
The characteristic is thereby made positive and agrees in sign with the 
mantissa. The subtraction of the number 10 is then indicated immedi¬ 
ately following the logarithm in order to preserve the numerical value 
of the logarithm. For example, the characteristic* of the logarilhm of 
the decimal 0.4580 is — 1. The mantissa as obtained from a log table 
is .0609. Therefore log 0.4580 - - 1 + .0009. This is written 9.6009- 10. 

Often In handling extremely small decimal numbers a characteristic 
greater than - 10 is encountered. In such cases, some multiple of 10 
(20, 30, 40, or the like) is added to the characteristic and a like amount 
subtracted from the entire logarithm It should be noted that it is not 
necessary to perform the actual subtraction. It suffices merely to indicate 
the subtraction. The necessity of peifornimg the operation is obviated 
because the logarithm is eventually converted back to a number again. 

The logarithms of numbers expressed by the same figures in the same 
order differ only in theii (haracleiitdiis The manti smm of the logarithms 
of such numbeis me the same. Thus 


Jog 8430. 

3 9258 

(iifi) 

log S 13.0 

2 9258, 

(n«) 

log 84.30 

1 9258, 

(117) 

log 8 430 

0 9258, 

(118) 

log 0 8430 

9.9258 10, 

(11«) 

log 0 0843 

8 9258 10. 

(120) 


The table of logarithms m the Appendix give** the mantissa to four 
decimal places of the (oinnion logarithms of all numbers from l to 1,000. 
Although Jog tables used m engineering work are usually computed to 
six or more decimal places and cover ranges from J to 10,000 or 100.000, 
the Appeudix table will bo found sufficiently accurate for the problems 
encountered in this text The maimer of obtaining the logarithms of 
numbers outside the range of 1 to 1 000 is discussed in a later section of 
this chapter. 

Tho procedure of finding the logarithm of a number is best explained 
by taking a typical number and outlining the pioeess step by step. Thus, 
to find the log of 458, the log table is used as follows The letter N in 
tho Appendix Jog table is used to designate the \ertieal column of numbers 
from 10 to 99 inclusive. It also designates the horizontal row of numbers 
0, l, 2, 3, 4, 5, ti, 7, 8, 9. The first two integers of a number are found in 
the vertical column under N. The third figure of the number is then 
located in the horizontal row opposite A. Thus, the number 45 is located 
in the vertical N column and the number 8 in the horizontal row. The 
vertical column under 8 is then traced downward until it intersects with 
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the horizontal row opposite 45. The figure at this intersection is ,6009, 
which is the mantissa of the desired logarithm. According to the rules 
governing characteristics (page 33), the characteristic of the log of 458 
is 2. The logarithm of 458 is therefore 2.6009. 

It will be noted that the table contains the mantissas not only of the 
logs of numbers expressed by three figures but also of logarithms expressed 
by four figures when the last figure is 0. Thus the mantissa of the log of 
4,580 is .6609. Th - mantissa of the logarithm of 4,590 is found from the 
table to be .6618 It is appan of that the mantissa of the logarithm of a 
number between 4 580 and 4,1 JO, such as 4,586, must lie between .6609 
and 0618. The difference between the mantissas 6618 and .6600 is 9 
ten-thousandths. This is called the tabular difference. Since the numbers 
4,580 and 4,500 differ by 10 . it may be assumed that each increase of 
J unit in progressing from 4 5S0 to 4,590 produces a correspoii' 1 mg 
increase of 0.1 of 9 ten-thousandths in the mantissa of the log&ril'nu. 
This is not strictly true, but it is sufficiently accurate for most pra^ti ul 
work. Consequently, 4,586 (6 added to 4,580) will add 0.6 of 9 ti - 
thousandths to the mantissa of the logarithm of 4,580. Six tenths of 
9 ten-thousandths is approximately 5 ten thousandths. The mantissa 
of the logarithm of 4,586 is therefore .6009 -| .0005 .0614. 

The process debcrilied above is called interpolation. Although finding 
the logarithm of a number may at first seem to be a cumbersome process, 
the student will t* id tha» he soon acquires speed. After a little practice, 
all necessary interpolations can be ]ierformed mentally, and the use of 
logarithms Incomes an almost mechanical process. 

Antilogarithm is the name given to the number which corresponds to 
a given logarithm Thus, in the above illustration, it was found that the 
logarithm of 4,586 is 3.0014; thus. 4,580 is called the ant [logarithm of 
3.6614, Finding the anti logarithm when the logarithm is given is exactly 
the reverse of finding the logarithm when the number is given. 

The first stop in finding the antilognrilhm of a given logarithm is to 
find the mantissas in the table next larger and next smaller than the 
mantissa of the given logarithm. Thus, if the given logarithm is 1.8529, 
the adjacent mantissas fire found from the table to be .8525 and .8531. 
The numbers corresponding to these mantissas are 712 and 713, or 
7,120 and 7.130. The tabular difference is .8531- .8525, or .0006. 
Since the numbers 7.120 and 7.130 differ by 10, and the mantissas of 
their logarithms differ by 6 ten-thousandths, it is assumed sufficiently 
accurate to say that each increase of 0.0001 in the uiuiiLibsa is produced* 
by an increase of one sixtli of 10 in t be number. Thus, .8529 (the mantissa 
of the given logarithm) represents an increase of 0.0004 (4 ten-thousandths) 
over the mantissa (.8525) of the logarithm of the number 7,120 This 
corresjKmds to an increase of i of 10, or approximately 6, in the number. 
Hence, the number corresponding to the mautiHsa .8529 is 7,126. The 
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number whose loganthm is the given logarithm 1 B529 is therefore 71.26 
Since the given characteristic is 1, there are two integers to the left of 
the decimal point, in accoidance with the rules governing characteristics. 

Since the logarithms are exponents of the powers to which a common 
number (10) is to be raised, they obey all the rules that are applicable to 
exponents. Consequently, the processes of multiplication, division, 
involution, and evolution of cumbersome numbers can be accomplished 
by the addition, subtraction, multiplication and division of the logai- 
ithmfi of the numbers. 

Problem. Multiply 0 0381,0 00461), 0 081, and 5,420 by means of logarithms 


Solution. From the tables, 



log 0 0381 - 

8 5809 

10, 

(121) 


log 0 00408 

7 6702 

10 

(122) 


log 0 981 - 

9 9917 

10. 

(123) 


log 5420 

3 7340 


(124) 

Adding logs, 

sum of logs 

29 976S 

- 30 

(125) 

or 

sum of Jogs 

9 9768 

10 

(126) 

Then, 

antilog 9 9768 

10 

0 948 

(127) 


Therefoie, the product ol 0 0381, 0 00468, 0 981, and 5,420 is 0 94H 


Problem. Divide 0 0000000507 0 00000785 

Solution. Fiom the tables, 

log 0 0000000507 12 7050 - 20 (128) 

log 0 U00007S5 4 894s 10, ‘ (120) 

Subtracting logs, 

difference 7 8102 10 (130) 

Then, 

antilog 7 8J02 10 0 00640- (131) 

Thercfoie, 

00000000507 0 00000785 0 00646 (132) 

In older to avoid subtiacting a laigci liumbei from a smallei one a#> 
in the abo\e problem the positive pait of the loganthm of the dividend 
(128) is made to exceed that of the divisoi (129) Thu* is accomplished 
by adding 10 10, 20 20, and so on as the occasion demands 

Problem. Find the value of 0 0384 6 

Solution. 

log 0 0384*- 6 log 0 0384 (133) 

From the tables, 

log 0 0384 - 8 5843 10 (134) 



Then, 

RADIO MATHEMATICS l 

87 

■* 

nr, 

6 log 0.0384 - 51.5058 - 60, 

(1M) 

Then, 

6 log 0.0384 1.5058- 10. 

(136) 

Therefore, 

antilog 1 5058 - 10 0 000000003206. 

(137) 


0 03K4« 0.000000003206. 

(138) 


Problem. Find the* cube roe of 0.129(5 


Solution. 

Froi i1 hr tables, 


log 0.1296 1 ' 3 - 4 log 0.1296. 
log 0 1296 9.1126- 10. 


(130) 

(140) 


Obviously, this logarithm is not evenly divisible b\ 3. Therefore a mid'jple 
of 10 is added to make the negative part of the logarithm a number even'y 
divisible by 3. Then step (140) becomes 


Dividing by 3, 

Then, 

Therefore, 


Jog 0.1206 -- 29.1126 — 30. 


29 1126 - 30 
3 


9.7042 - 10. 


ontilog 9.7042-JO - O.fiOU. 
v’ 0 . 12 % 0.506. 


(141) 

(142) 

( 1 «) 

(144) 


The Quadratic Equation. All equation w liich, when aimplilied, contains 
the fsquan of i ht unknown number, hut no liigher power, is called an 
equation of the second degree, or a quadratic equation. Since the unknown 
is present i tuned to the second degree, it follows that the solution of such 
an equation involves extracting the square root of the remaining terms. 


Hjr 2 99- 3.< 

(145) 

Transposing. 


ll.r 99, 

(146) 

and 


x 2 9. 

(147) 

Extracting the square root of both sides, 

a- 3. 

(148) 

However, the solution of step (14S) could 

also Ik* ,r - - 3 This 

follows, since (+ 3 )(t 3) -- 9, and ( 3)( 3) 

becsomes 

9. Step (148) therefore, 


? - j 3. 


(149) 
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An equation of the general form of Eq (145) is called a pure Quadratic 
equation. A pure quadratic equation may be defined as one that contains 
only the second power of the unknown 

Every pure quadratic equation hat tiro roots, numerically equal, but 
opposite in sign. 

A quadratic equation that contains the unknown in the first power as 
well os m the second power is called an affected quadratic equation. 

Thus, 

r* 2 r— 10 (150) 

is an affected quadratic equation, since the unknown ,r is present in both 
the first and second powers. Affected quadratic equations can always he 
reduced to the general form of 

ax 2 f bi | ( - 0, (151) 

where the coefficients a and b and the ah white term ( may represent any 
number whatsoever. 

Quadratic equations may be solved by any of a number of diflcicnt 
methods, including factoring, completing the square, and the use of a 
formula Each of the methods has its advantages H Ihe factors of an 
equation aie easily found, the method of solution by factoring is to be 
preferred. In many cases however, factoring of a complev term becomes 
rather cumbersome and difficult. Jn such cases, the solution is often best 
obtained by means of the method id completing the square. This method, 
however, is also not always easy 7 to apply The one method that is 
applicable in all cases is the method of solution by formula This is, 
therefore, the method that will be discussed here. 

The general quadiatic of Eq. (151) represents any quadratic equation 
whatever containing only one unknown. The solution of’Eq (151) can 
be made the solution of any quadratic equation simply by substituting 
for the coefficients a and b , and the absolute term r in the result obtained 
when Eq. (151) is solved for jl. Equation (151) has been solved by the 
method of completing the square with the lesull, 


b 1 Vb 2 4 ac 


(152) 


The general procedure for the solution of quadratic equations is first 
to reduce the equation to the general form of Eq. (151). The numerical 
equivalents of the coefficients a and b and the absolute term c are then 
substituted in Formula (152). Since the radical sign is prefixed by both 
a plus and minus sign, the result is two roots, either one of which satisfies 
the conditions of the equation 

Problem. Solve 


2-r 2 -j- -- - 2. 


(153) 
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Solution. Converting to the general form of Eq (151) by transposition, 

♦ 2x* t 5a (-2 --- 0. (154) 

Referring to the general form of Eq. (151), 2 is Die numerical equivalent of 
a (coefficient of jr 8 ), 5 is tlie numerical equivalent of 6 (coefficient of J'): and 
2 is the numerical equivalent of c (the absolute term). {Substituting in Eq. (152), 



x — 

- 5 + V25- 4(2)(2) 

2(2) 

(165) 

Then, 

jt — 

- ) J V25 IH 

4 

(166) 


x --- 

- 5 -t V«) -5j 3 

4 f 

(167) 

Therefore. 

V 

5 I 2 2 1 

4 " “ " 4 2 

(!>•' 

and 

X 

5 3 S 

- *1 

4 4 

(169) 


The loots of Eq. (153) aie therefore 2 and J. 

Vector Algebra. One of the most useful forms of mathematical repre¬ 
sentation in radio work is the graph. By means of u graph, it is possible 
to visualize the relation of abstract parameters of an electrical circuit 
which cannot be Kineeived in any other way 

Figure 9 consists of two lines XX’ and YY* at light angles to each 
other. Each of these lines is subdivided into unit divisions, forming two 
scales. The point nf intersection of the two lines is designated as zero. 
All subdivisions on the FT 7 scale above the XX 1 scale ere positive units; 
and all those hfloi" the XX' scale aie negative. Similarly, all subdivisions 
on the .YA # scale to tht right of the YY' scale htc positive units; and 
all those to th< l(jt of the YY* seale are negative units. Any point P in 
the plane containing the lines XX’ and YY' can then readily be located 
in this graph by dropping per|ieudieulars from the point to the XX' 
scale and the YY' scale. Thus, point P in Fig. J) is located by dropping 
the perpendicular PA to YY' and the perpendicular /to the XX' scale. 

The iierpendieular distance from P to YY\ represt ntod by line PA 
in Fig 9, is called the horizontal coordinate of point P. When point P 
is to the right of the YY' scale, the horizontal coordinate is positive; 
when it is to the left of the Y Y' scale, the horizontal ronrdin ite is negative. 
Similarly, when point P is above the XX' seale, the vertical coordinate 
is positive, when P is below the XX' scale, the vertical coordinate is 
negative. 

Each of the scales XX' and IT is called an axis of the coordinate 
system. The intersection of the axis is called the origin of the system. 
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The horizontal coordinate of a point is its abscissa ; the vertical coordinate 
of a point is its ordinate. Collectively, the abscissa and ordinate of any 
point are termed the rectangular, coordinates of that point. To plot a 
point means to lay off its abscissa and ordinate on a coordinate system 
and locate the point with a dot or cross mark. 

In any discussion of a given problem, a constant is a term whose 
numerical value does not change throughout the discussion. A variable 
is a term that may assume different values throughout the discussion. 
If an equation contains two variables, the variables are related variables, 


Y 



r 

Fig. 0. A coordinate system. PA ami PB uia the rortangular r non I mules of jjoinl /\ 
PA is the honimitfil coordinate, or iUwoismi. PB is tlio \cHumi] inordinate, or ordinate. 

since the value of one variable at any instant will depend upon the value 
of the other variable at that instant. Thus, if the value of the first variable 
is known, the value of the remaining variable can be found by solving 
the equation. The first variable is the independent variable, and the 
second variable is the dependent variable. 

The equation 

E - 1R (160) 

Is the mathematical relationship between voltage E } current 7, and 
resistance R in a simple electrical circuit. It is known as Ohm’s law and 
is discussed iu detail in Chap. IV. If R is a constant, any change in E 
will cause a change in 7. If a numerical value of 10 is assigned to R and 
E is changed from 0 to 10 v in steps of 1 v, the current 1 for each different 
voltage can readily be computed by solving Eq. (100) for 7 for each 
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different value of voltage E. In such a problem, E is the independent 
variable, and* /, the dependent variable. Thun, when E - 0, 


When E - 1 , 



I 


E 

R 


0 

M) 

1 

10 


- 0 . 

0 . 1 . 


When A 1 — 2, E _ j! 

/,’ 10 



( 181 ) 

(182) 

(183) 


Fn 10 of Hio Iiiumi tMjimlJon h lit* hon ft is a constant From tlna graph. 

Hit* \dluo of I can ho funnel lor anv \ulue of F } within tlio limit* of the graph. 


In similar fashion, the corresponding \aluos of 1 when E - 3, 4, 5, 
fl, 7, 8,9, and It) v are found to he 0.3, 0.4, 0.3, 0.0, 0.7, 0.8, 0.9, and 1.0, 
respectively. I in this equation is theiefore said to lie a function of E, 
since the value of I at any instant depends upon tin value of E at that 
instant. The above values of E and / can be taken * s the rectangular 
coordinates of a coordinate s; stem. The various solutions of Eq. (100) 
ean then be plotted in a graph This is shown in Fig. 10. The values of E 
are plotted on the Y Y' axis. In order to make a more easily readable 
graph, the values of E are scaled in units (volts), and the values of / 
are scaled hi tenths of units (tenths of amperes). Since Eq. (1 HO) is a 
simple equation, its graph is found to be a straight line. The graphs of 
all simple equations are straight lines. For tliis reason, they arc often 
called linear equations. 
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North 

a 




West 


' l f= 

>5lb 

South 


mb 


The advantage of a graph, such as that of Fig. 10, is that for this 
particular circuit the current I that results from any voltage E can 
readily be found directly from the.graph. Thus, if E is 2.5 v, the abscissa 
intersecting the E scale is traced out until the point of intersection with 

the graph is found. From this point, 
the ordinate is traced vertically down¬ 
ward until it intersects the I scale. 
The point of intersection will be found 
to be 0.25 amp. 

Another interesting application of 
graphs is in the solution of forces 
about a g ; ven point. If it is assumed 
that point A r in Fig. 11(a) is a ball 
that is free to move in any direction, 
the actual direction in which the 
ball will move when a number of 
different forces are applied to it from 
different directions can be calculated graphically. Thus, ball .r in Fig. 
11(a) is subjected to three different forces. A force of 10 lb is tending to 

North 


East 


(a) 

Fju 11(b) Fori os in throe different 
directions aio being excited on tho lull x. 



- /'East 


r 

South 


(b) 


Fig. ll(bj. The fun os of Fig 11(a) gruphod on n coord undo system. 


move it to the north; at the same time, a force of 5 lb iH tending to move 
it southward; simultaneously, a force of 15 lb is tending to move the 
ball eastward. In which direction will the ball move ( 

The first step in the solution of such a problem consists of laying off 
the forces involved on the XX' and } 7 Y' axes of a graph. This is shown 
in Fig. 11(b). The eastward force of 15 lb is scaled off on the XX' axis. 
In order to show tho magnitude of the forces, both axes of the coordinate 
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syBtem are calibrated in pounds. Thus, a force of 15 lb to the eastward 
is represented by a line of the XX' axis equal in length to 15 divisions on 
the XX' scale. Similarly, the force to the northward is shown as a line 
on the YY' scale 10 divisions in length. Since the northward force is 
90° removed from the eastward force, it falls on the Y T axis, which is 
at right angles to th« XX' axis. The southward force is 90° removed 
from the eastward f< roe in a direction opposite to that of the northward 
force, or 180° fi >i l the northward force. It therefore also falls on the 
YY' axis. Since this force h opposite in direction from the northward 
force, it is shown as a negafi < quantity, that is, below the XX' scale. 
This ‘s shown in Fig. 11 (b) as h line on the YY' scab 5 divisions in length, 
counting from zi n downward. 

Since the northward and out h ward forces are opposite to each other, 
they can be added algebraically 1 y obtain the total force acting along he 
YY ' axis. The result is 5 lb acting to the northward and is indioatea 1 v 
the line OA in Fig. 11(b). The three forros acting upon the baD ha\’ tt 
now been reduced to two forces acting at right angles to each other. * * 
will be shown later in this chapter, any number of forces acting in any 
direction upon tho same point can be resohed by geometric or trigono¬ 
metric means to two major forces acting upon the point at right angles 
to each other. 

One of the principal 1 .ws of mechanics states that: 

Tin resultant i J ivo fo. rs acting upon a point way be represented, by the 
diagonal of a parallelogram two of the adjacent sides of which represent the 
two force h. 

A parallelogram is therefore constructed on the two forces OA and OB 
in Fig. 11 (b). The diagonal Of 1 then represents the total force acting 
upon ball r. Tlu bull will move in the direction of OC with a force equal 
to the length of line 0( ’. This force can be taken directly from the graph 
utilizing scalar divisions equal to the divisions of the XX' and Y Y' scales. 

Since the two component forces are at right angles to each other, the 
parallelogram is a rectangle. Triangle OCB is therefore a right triangle. 
Consequently, the magnitude of force OC can be calculated directly 
from the values of OA anti OB b\ means of the geonit trie theorem known 
as the Pythagorean theorem, named after the Ommu mathematician 
(525 n.c.) who postulated it: 

The square of the hypotenuse of a riejhi triangle is equal to the mm of the 
squares of the other two sides. 

The magnitude of force OC can therefore be expressed 


OC* -- 

on* i oa\ 

(164) 

OC 

Ion* + oa*. 

(165) 


or 
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Substituting from Fig. 11(b) the equivalent values of OB and OA, 

OC --- Vl5 r f5T (186) 

00 -= V'226 I- 25, (167) 

OC - a/ 250 --- 15.8 lb. (168) 

Equation (165) cun be rearranged in terms of the original forces as 
follows: 

oc ^ Job* h (od - oe )*, (i 69 ) 

where OD and OE are the original forces, as shown in Fig. J 1(b). 

The forces acting about a given point are known as vectors. Each of 
the individual forces acting upon the point is known ha a component 
vector, and the net force acting upon the point as a result of the component 
forces is called the resultant vector. Thus, in the problem illustrated in 
Fig. 11(h), OB . OD, and OE ait 1 the component vectors; OV is the 
resultant vector. 

If the direction and magnitude of each force is known, any number of 
forces acting upon a point can be resolved into two major forces acting 
upon the point at right angles to each other. These two forces can there¬ 
fore be represented as acting along the XX' and YY ' axes of a coordinate 
system. Equation (169) can accordingly be generalized to apply to all 
cases. Stated as a rule: 

The resultant vector oj the forces acting upon a given point is equal to the 
square root of the sum of the algebraic * urn of the vectors acting along the 
YY 9 axis sqvated and the algebraic sum of the vectors acting along the XX' 
axis squared. 

Expressed mathematically, 

X - VA r f B\ (170) 

where X resultant vector: 

A - algebraic sum of vectors acting along XX' axis; 

B algebraic sum of vectors acting along YY' axis. 

Resolving a number of forces acting in various directions into two 
major forces acting at right angles to oacb other involves the use of 
trigonometry and is discussed in tbe following section. 

TRIGONOMETRY 

The word “trigonometry" is derived from the Creek words trigon , 
“a triangle/' and metrein, “to measure." The science of trigonometry 
is concerned chiefly with the relation of certain lines in a triangle. It 
forma the basis of the mensuration used in all branches of engineering. 
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Trigoaometcic Functions. In Fig. 12, if the line AD is moved about 
the point .4*as indicated by the arrow, it generates the angle A (angle 
BAD). If from the line AD , at various points B , B\ B n % a series of per¬ 
pendiculars BC\ B'C\ B*C are let fall to line AE, a series of similar 
triangles ABC, AB't\ and AB"C* are formed. Since these triangles are 
similar, their corresponding sides arc proportional. That is, 


BC 

B'C 

B’C 

(171) 

AB 

~ AB' 

■“ 'AB" 

BC 

B'C' 

B’C 

(172) 

AC 

~~ AC 

AC 

AB 

Ah' 

AB’ 

(173) 

AO 

A(" 

~ AC"' 


Similarly, any other ratio of the aides of each of these triangles is eonal 
to the ratio of the same bides of the remaining triangles. Obviously, t Se 
lengths of the sides of these 
triangles is not the deter¬ 
mining factor, since all the 
triangJos are not of the same 
size. The ratios of the sides 
of these triangles remain 
unchanged as Ion g as i up 
angle A remains u 1 change 1 
As the angle is made larger 
or smaller, the numerical 
value of the ratio of the hides 
of the triangles changes. " C r 1 C" 

The lalin of a gi\en pair Fn. 12. As the lmo A/) nin\es m thn direction in- 
of sides in any one triangle, ‘United hy the arrow, the angle A (- fSAJ 1) w 

however, is alnmys equal to * T ° Jloril,Rj * 

the ratio of the corresponding pair of sides of any of the remaining 
triangles. The triangles in Fig. 12 were constructed by dropping per¬ 
pendicular*. Hence, the triangles in question are right triangles. Each of 
the ratiob in the triangles of Fig. 12 are t herefore fan a bus of the angle A. 
Each of the acute angles in a right 1 j jangle has six functions. The six 
functions of an angle are gh^n specific names in trigonometry. Thus, 
the six functions of angle A in Fig. 12 are as follows: 

aim of A , abbreviated sin A ; 
coaim of A , abbreviated cos A ; 
tangent of A , abbreviated tan A , 
cotangent of A , abbreviated cot A , 

Meant of A , abbreviated see A ; 
cosecant of A , abbreviated esc A . 
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The trigonometric functions are defined as follows: 

opposite side a 
sin A — ' - - — • 

hypotenuse v 

M adjacent side h 

cos A - , ' — 

hypotenuse c 

M opposite wide a 

tail A -- - -■» 

adjacent side b 

. adjacent side b 

cot A - . . , - * 

opposite Mile a 

A hypotenuse c 

sec A - ' - 

adjacent side b 

4 hypotenuse r 

opposite siile a 

The student should thoroughly memorize these definitions of the 
trigonometric functions, since they are the foundation upon which the 
entire study of trigonometry is hidlt. The ratios of the small letters a, 
l>, and c in the abo\e definitions refoi to the sides of the triangle ARC 
in Fig. 13. The functions defined are those of angle A in this triangle. 

The values of the trigonometric functions of any angle from 0 to 90 L 
havf been computed and tabulated. A typical engineering trigonometric 

table gives the values of the 
functions to six decimal 
[daces foj eveiy mntutt of 
are from 0 to *90 . Values 
of functions for seconds of 
arc are found by interpola¬ 
tion in a manner similar to 
that used with logarithm 
tables. A table of trigono¬ 
metric functions to four deci¬ 
mal places for every degree 
from 0 to 90' is included in 
the Appendix of this book. 
This table will suffice for 
problems where extreme accuracy is not required and can be used for the 
problems encountered throughout the text. When* greater accuracy is 
necessary, the student should refer to a set of practical trigonometric 
tables. 

Solution of Vectors. Trigonometry is of tremendous practical value 
in the solution of vector diagrams of the type encountered in a-e theory, 



m defining tlw tngoiunnofm tunc linns of an angle 
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as will be seen in Chap. IX. Addition of vector quantities is easily 
accomplished* by trigonometric means in problems that would be insoluble 
by application of more elementary mathematics 

The application of the trigonometric functions to the solution of a 
vector problem is best explained by the step-by-step solution of a typical 
problem. The best illustration of such a problem is again the case 
of a ball that is free to move in any direction. In Fig. 14, a ball is acted 
upon by four diflereut forces, each 
tending to force the ball to move 
in a different direction. The rirst 
force OA is exerting a pvll of 
10 Jb to the northw ard. The second 
force OR is exerting a poll of 
20 lb in a direction 45 ’ from north. 

The third force OC is exerting a 
pull of 14 lb in a direction 120 
from north. The fourth force OJ) 
is exerting a pull of 5Jh in a direc¬ 
tion 200 1 from north. The problem 
is to ascertain in which direction 
the ball will move and with what 
force as a result of these \ arious 
forces exerted upon it. 

The solution of the problem re 
solves itself into several major steps. 

The ball is first graphically located in the center of a coordinate system. 
The YY' axis is taken as l>ing in a north-south direction. Since the axes 
of a coordinate system are at right angles to each othci, it follows, there¬ 
fore, that the XX' axis is in the east-west direction. Koch of the applied 
forces is then shown on the graph in its proper relative position. The 
vectors ate, of course, made the proper length consistent with the number 
of pounds of force that they represent. The second step in the solution 
is to resolve each of the \ colors which does not fall on eithor of the 
coordinate axes into two component vectors which be on the XX' and 
YY ' axes. All the XX' vectors and all the YY' tecum are then separ¬ 
ately added algebraically. The two major component vectors resulting 
from this addition are combined into a parallelogram of forces which is 
solved to tind the resultant vector. 

The graphical location of the original vectors is shown in Fig. 14, 
The three vector's OH , OC, ami 01), which do not fall on either of the 
coordinate axes, are resolved into two component vectors by treating 
each as the diagonal of a parallelogram whose sides are the axes of the 
graph. Thus, a parallelogram is constructed about vector OH by dropping 
perpendiculars from point R to the XX' axis and the YY' axis. These 

1 -(N.Y.) 
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We shown in Fig. 14 by dotted lines EB and FB. Similarly, parallelo¬ 
grams OGCH and OJDK are constructed about vectors OC and 01), * 

respectively. Vector OB can then lie thought of as composed of component 
vectors OE and OF. Similarly, \ector OC is composed of component 
vectors OG and OH , and vector 01) is composed of component vectors 
OJ and OK. 

It is at once apparent that the numerical value of each of the six 
component vectors cannot l>e obtained by ordinary geometric means. It 
is at thiR point that the trigonometric functions are used to advantage. 

In parallelogram OEBF, OFB is a light triangle. Angle EOF is 90 
since EO and OF lie on the coordinate axes. Since angle EOB is 45°, by 
subtraction angle BOF in triangle OBF h ah ) 4.5 . Then, 



BF 

(174) 

Solving for BF 



BF OB hill HOF 

(175) 

Substituting, 

BF 20 sin 45 

(17G) 

From the trigonometric table in the Appendix 



»in4.r .7071 

(177) 

Hence, 

BF 20(.707l) 14.142 

(178) 

Similarly, 

OF 



cos BOF - - 

(170) 


OB 

and 

OF OB cos BOF. 

(180) 

Substituting, 

OF - 20 cos 45 . 

(181) 

From table, 

cos 45 .7071, 

(182) 

and 

OF 20( .7071) 14.142. 

(188) 

Since OEBF is 

a parallelogram, BF - HO. Therefore, 



EO -=■ J4.I42. (184) 


Angle EOC is gi\en as 120°. Since angle EOG is !)()", it follows, by 
subtraction, that in triangle OGC, angle GOC is 30 \ Then, 



(186) 
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Then, 



t 

QC = OC Bin OOC. 

(186) 

Substituting, 



QC ■= 14 sin 30'. 

(187) 

Prom the table. 

sin 30° - .5, 

(188) 

and 

GO U(.r>) -- 7. 

(189) 

But (tC - - OH, since OOOti is a parallelogram. Therefore. 



OH -- 7. 

(190) 

Similarly, 

OG 



"MilOC 

OC 

(IM) 

Then, 

OG - 0( ' coh OOC. 

(V2) 

Substituting, 

OG -- 14 cos 30'. 

(193) 

From Ihc table, 

cox GOG .8000, 

(194) 

and 

OG - I4(.8000) 12.124. 

(195) 

Angle EOl) is V ven a 200 . Since angle EOJ is 180 3 (being a straight 

line), it follows b\ 

subtraction that hi triangle OBJ, angle l>OJ 

is 20 °. 

Then, 

1)J 



Hin im.I 

OJ) 

(196) 

Solving, 

DJ OB Hin BOJ. 

(197) 

Substituting, 

l)J - 5 Hin 20 . 

(198) 

From the table. 

Hin 20 .3420, 

(199) 

and 

1)J f»(.342't) _ 1.71. 

( 200 ) 

Bui 1)J OK , since OJOk iR a parallelogram. Therefore, 



OK - 1.71. 

( 201 ) 

Tn like manner, 

OJ 

coh BOJ - 0D - 

( 202 ) 


Then, 


OJ — 01) cos J)OJ. 


(203) 
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Substituting, 
From the table, 
and 


OJ = 5 cos 20°. 
cos 20" ■=■ .9397, 

OJ =- 5(.9397) = 4.0985. 


(204) 

(205) 

(206) 


All the vectors in the XX' axis are now added algebraically. Since the 
vector OK is to the left of the YY' axis, it is diametrically opposed to 
the vectors to the right of the YY' axis and must therefore bo given a 
negative sign. Then, 


vector OF 

14.142 

(207) 

vector OC 

12.124 

(208) 

vector OK 

1.71 

(209) 

Total XX' vectors 

24.556. 

(210) 


All the vectors of the YY' axis are now added. The vectors below the 
XX* axis, being opposite in direction to those above the XX' axis, are 
given a negative sign. Then, 


vector OA 

10.0 

(211) 

vector EO 

14.142 

(212) 

vector OJ 

4.69S5 

(213) 

vector OH 

7.0 

(214) 

Total Y T vectors 

12.4435. 

(2W>) 


All the vectors concerned in the problem have now been resolved into 
two major vectors acting at right angles to each other. These vector 
forces are one of 12.4-135 lb exerting a pull due north on the ball .r (since 
it is a positive vector quantity) and one of 24.556 Ih everting a pull due 
east ou the ball. These two vectors are plotted on a separate coordinate 
system (Fig. 15) for clearness. They are shown as vector OA 12.4435 
and vector OR — 24.556 in Fig. 15. 

A parallelogram of forces is now constructed having sides OA and OB . 
The diagonal OC is drawn. Triangle OCB is a right triangle, since the 
parallelogram is a rectangle. Then, 

cn 

tan COB -- (216) 


Substituting, 


tan COB 


12.4435 
247556 " ’ 


(217) 


(218) 


and 


tail COB - .5067. 
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From the table, the angle whose tangent is .5007 is approximately 27 6 . 
The resultant movement of the ball is therefore in a direction 27° north 
of east, or 03 f from north. 

By the Pythagorean theorem. 



oc - Job* i oa\ 

(319) 

Substituting, 

OO ^(24.(556)* I- (12.4435)*. 

( 220 ) 

and 




0~C - \' r .’.4 01 ■ 27.4 lb. 

( 221 ) 


tP 44JS 


Th« ball will therefore nunc in a direction 03 from north with a 
force of 27 A lb a i result of the various forces applied to it. 

In radio, mom problem 1 - y 

require the use of vectors for 
their solution. Despite the fact 
that a physical distribution of 
forces does not status exist, 
it is often convenient to 
handle abstract quantitative 
electrical units in the same 
manner as physical forces. 

Thus, whenever the diligence 
between iwoor inn f * olocfrical 
quantities can lie e\pir\ssen in 
degrees as well a*, absolute 
value their relation can be 
represented graphically. Such quantities can tlien be eombiued voctori- 
ally to ascertain the net result in the electrical circuit of the original 
electrical forces. Whenever units are combined in this maimer, they are 
said to have been added \ectoriall\. Thus, in the problem above, the final 
resultant force is called the vector sum of the original forces. The applica¬ 
tion ol vectors to electrical eiicuits is discussed in detail in Chap. IX. 



Kii. 1.1 The result tin ( \iwtor <)(' is rfarived from 
1 lit' m.i|oi (omjioruuit vintoisO 1 and OH. 


QUESTIONS AND PROBLEMS 

1. In the equation E,E' RiR'. the vames of E , E Mid R ' an* known. 
Find R in terms of the remaining values 

2 . (liven the equation 1C 1 (\ \ 1 C 2 , solve for C x . 

3. (11 \ (mi the hi mult ancons equations El HIM) and E 25/ 2, find E 
aiul 7. 

4. (liven the formula J 1 When/, 7r, and C are known, what 

is the value of 

5. (liven the formula 

hoIvc foi Y l . 


z-- V*h a L 
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6 . The perimeter of a right triangle is 36 in One leg of the triangle is 
3 in. longer than the other leg. How long is each side of the triangle ? 

7. Divide the product, of 0.000000380 and 0.0000054 by 183,000,000 by the 
use of exponents. 

8 . By the use of logarithms, divide the product of 4,378 and 2,398 by the 
product of 992 and 6,042 

9. Given the formula 



construct a graph showing the relationship of R and if, if li 2 is equal to f> and 
is increased from ] to 10 . 

10 . If z, X , and R are the hypotenuse and two legs ot a right triangle, 
respectively, what is tlx* angle formed by Z and R if Z 5, A’ - 3, and R - 4 * 



Chapter Til 

CHEMICAL PRODUCTION OF 
ELECTRIC CURRENTS 


Electricity can be generated in a variety of wa including chemical 
moans, median* d means, the action of heat, friction, and pressure and 
expansion. Electricity is generated mechanically by application of the 
laws of electromagnetic induction, and such generators arc discuss* d in 
Chap. VI. Chemical action and mechanical action are the only meth »d$ 
that are commercially practicable for producing electricity in sufflf “it 
quantities for pow er consumption. The remaining methods are of intfci st 
for applications other than power production or simply as laboratory 
phenomena. 

The generation of electricity by heat is the basis of the thennocoiiple 
unit. It has been discovered that when pair* of certain dissimilar metals 
are brought into electrical contmt and heat is applied, an electromotive 
force (nbhrevialV end; h generated which is proportional to the temper¬ 
ature. This principle is utilized to advantage for the construction of 
delicate electrical measuring instruments (as in measuring temperature 
and current) but lias little significance as a generator of electricity for 
power consumption purposes. 

St at i* electricity can easily be generated by friction between two 
dissiinilui substances and was first demonstrated by the ancient Greeks 
in their experiments with a piece of silk and a glass rod. This phenomenon 
is nil interesting laboratory experiment but has no commercial importance. 

The generation of electricity by pressure and expansion methods was 
first discovered in crystals of quartz, KoelielJc salts, and certain other 
minerals. Such crystals were found to pioducc an emf when mechanical 
pressure was alternately applied to and removed from their opposing 
surfaces. I'rvstals find various advantageous application.; in radio work. 
As a source of electrical povvtr hi other than minute quantities, how r ever, 
they have no commercial value. 

The chemical production of electricity is the resuJt of immersing tw'o . 
different metals in an electrolyte. Since the electrolyte, being liquid, 
must be kept in a container, or cell, the name electric cell w 7 as derived 
for such a unit. When seveial such cells are connected hi order to obtain 
a greater electrical output, the resulting combination is called a battery 
of cells. Usually, a battery of cells is series connected, as will be seen 
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External load 


Positive pole 
topper 


Negative pole 
~Ztnc 


later. Thus, the so-called automobile storage battery is actually a battery 
of oells connected in aeries. 

There are two principal types of electric cells - the primary cell and the 
secondary cell. A primary cell is one that generates electricity by chemical 
action when a closed electric circuit is connected to its terminals. As a 
result of the chemical action, some of the components of the cell are 
consumed. Eventually, the components of a primary cell arc completely 

used up, or exhausted, and 
the cell, as such, is useless. 
A secondary cell is one in 
which no chemical action 
can occur until after an 
electric cuircnt has been 
passed through the cell. 
Parsing an electric current 
through a secondary cell is 
called charging the cell. 
Once the cell is charged, it 
can be connected to an ex¬ 
ternal dosed electric circuit, 
and electricity will then be 
generated b\ chemical ac 
tion within the cell. When 
the cell is dischuigod in 
tins manner, a point is 
eventually readied at which the cell components (electrodes and electro 
lyte) are no longer capable of chemical action. The cell must then be 
recharged, that is. an electric current must again be passed thiough it 
in the reverse direction This cycle of charge and discharge can he 
repeated indefinitely without disintegration of the cell components. The 
cell, however, is subject to a certain amount of normal deterioration 
due to the harmful efleets of extraneous chemical action, evaporation 
and so on. 





Electrolyte H 2 SO 4 


Hli‘mrnliw\ will mi cell 


77/0 PRIMARY CELL 

Constructional Details. The usual form of primary cell consists of a 
zinc and a copper plate immersed in a dilute solution of sulphuric acid. 
This ty|>e of cell is also often called a voltaic cell after the Italian physicist 
Volta who discovered it in IHOO. An elementary primary cell is sIiowti 
in Fig. 10. When the zinc and copper plates are connected externally 
by means of a conducting wire, a chemical action immediately takes 
place within the cell. The sulphuric acid in the electrolyte attacks the 
zinc, forming zinc sulphate. This action results in a predominance of 
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electrons in the zinc electrode, causing it. to have a negative charge. A 
difference of potential consequently exists between the zino and the 
copper electrodes, and electrons move through the wire from the zinc to 
the copper. During thin process, the zinc plate disintegrates and eventu¬ 
ally is entirely eaten away. 

'Die electrolyte simultaneously is slowly decomposed, part of it joining 
with the zinc to form zinc 
sulphate and the remaining 
element hydrogen being re¬ 
leased in the form (if a gas. 

If the chemical action is 
slow (very little current 
flowing), the released hy¬ 
drogen bubbles to the sur¬ 
face of the electrolyte and 
escapes into the air. More 
often, however, the hydro¬ 
gen is attracted to the 
negative (with respect to 
the hydrogen ions) copper 
electrode. If the chemical 
action is fairly rapid, the 
hydrogen does not rise to 
the surface fast enough to 
keep the surface of the 
copper plate clear. The 
copper plate 1 then is gradu¬ 
ally covered with a. film of hydrogen gas which increases the internal 
resistance of the cell. This process is called polarization and greatly 
limits the efficiency and life of the cell. 

Polarization is usually counteracted by introducing oxygen in some 
form into the cell. Hydrogen readily combines with oxygen to form 
water and polarization is thus prevented. It w as subsequently discovered 
that the life of a primary cell could he greatly prolonged by utilizing 
carbon instead of copper for the positive electrode. Because carbon is 
porous, it readily absorbs oxygen from the air, jiennitting it to combine 
with the hydrogen and thus delaying jiolarization. 

The Dry Cell. The so-called dry cell is really a special ty|ie of the 
early voltaic cell. The electrolyte is nonaqueons and is fonned of a paste 
instead of a liquid, from which characteristic the cell derives its name. 
This nonspiliable feature of the dry cell greatly increases its practicability. 
AuotUer innovation of the dry cell is the zinc container, which fulfills the 
double function of acting as the negative electrode and housing the 
remaining components of the cell. 
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A dry cell is composed of a positive electrode in the form of a carbon 
rod immersed in a paste solution contained in a zinc holder which, as 
mentioned above, forms the negative electrode. The paste is a moist 
mixture of ammonium chloride, zinc chloride, zinc oxide, plaster of 
Paris, and sawdust. Usually peroxide of manganese is included in the 
paste to prevent polarization. The carbon rod is in actual contact with 



I id. IK ('unstnirl ioii of diy cell IS luiltmns (j) lu»li\jiluul-i ell miihtiui turn 
(b) Lay 01 hi It construction 


the paste, but the zinc container is sepai ated from it by moistened 
blotting paper. The entire umt is tightly sealed w ith sealing w h\ m piteh to 
prevent ev aporation. Figure 17 .shows a cross section of a typical drv cell. 

The voltage developed by a diy cell is appioximatclv 11 v. Diy cells 
find their greatest application iri radio work as B batteries (see Chap. X). 
They are used wherever it is unpractical to obtain d-c power by other 
means, such as m portable luchn equipment, marine radio installations, 
and emergency equipment. Such huttciies consist of a number of dry 
cells connected in series in ordei to obtain a high voltage output. A 
cutaway view' of a typical commercial B battery is shown in Fig. 1H. 

Electric cells are said to he series-connected when their terminals are 
connected in tandem, as shown in Fig. 10 (a). In this arrangement, the 
negative pole of a cell is connected to the positive pole of the adjoining 
cell. The negative pole of the second cell is connected to the positive pole 
of the next cell, and so on. The total voltage of a battery of cells series- 
connected is equal to the sum of the voltages of the individual cells. 
Thus, if 10 cells of 11 v each aie connected in series, the total voltage of 
the battery is 1 ft v. 
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A number of cells are said to be connected in parallel* or shunt* when 
all the positive terminal* of the cells are connected together, and all the 
negative tenninals are connected. This arrangement is shown in Kg. 
19(b). With this connection, the total voltage, as measured across the 
terminals of any of the cells, is 
the same as the voltage of au;\ 
of the individual MU, .ssuining 
that all the cells a. <1 the same 
type. Thus, if uen 1.J-V dry 
cells are connected in parallel, 
the tot il voltage is 11 v. The 
advantage of such an irrangc- 
ment lies in the fact that the 
eurrenl drawn from each cell in 
such a battery by a given load 
is one tenth the current which 
would be drawn from a single 
cell connected to the same load. 

Therefore 10 colls in parallel 
will last 10 tinu'h as long ns one cell operating with the same external 
circuit load. 

TXE SM'OXDinY (JELL 

There are two p 4 i,icipal . ypes of secondary cells in common use today. 
Both find wide application in radio work and the reader should thoroughly 
familiarize himself with them. They arc the lead acid coll and the Edison 
cell. Since these cells can be charged by passing an electric current 

through them, they are 
often called storage cells. 
Although actually theentire 
process of charge and due 
charge is chemical in nature, 
it is often erroneously 
thought that electricity is 
Nforcrl in socomkuy cells, 
This is no* true, as will be 
seen presently. Neverthe¬ 
less, the action of such cells 
is sufticientU similar to 
jiermit the use of the name “storage cell’ or ' storage battery (when 
referring to a battery of cells) as a matter of convenience. 

The Lead-Add Cell. A lead-acid cell, in general consists of lead plates 
immersed in a dilute solution of sulphuric acid. In a commercial cell, the 
plates an* formed of lead cast into grids, as shown in Fig. 20(a). The 




(a) (b) 
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spaces in the grids are then packed with a paste of litharge or oxide of 
lead. This is the active materia! of each plate and hardens, or sets, in the 
grid form like cement. By an electrochemical process, the active material 
in the positive plate is converted into peroxide of lead when a charging 
current flows. The active material in the negative plate becomes sponge 
lead. 

A commercial lead-acid cell is made up of a number of positive plates 
connected by a lead extension, or lug, and a number of negative plates 



connected in the same manner. The plates are then interposed, as shown 
in Fig. 20(b), iso that the entire unit is composed of alternate positive and 
negative plates. (Yminiercial cells are customarily constructed with one 
more negative plate than positive, both outside plates are therefore 
negative. Although the plates are rigidly mounted porous wood separ¬ 
ators are introduced between each pair of plates to pre\ent contact. 
To prevent the highly oxidized positive plate fimn charring the wood, a 
thin shoot of jjerfornted hard rubber is inserted between the positive 
plate and the w T ood separator. 

The entire positive and negative plate structure is immersed in a dilute 
solution of sulphuric acid in a hard-rubber container. L T, *ually, the 
container is fitted with compartments, permitting the mounting of three 
cells with separate electrolytes in a common container to form a battery, 
Such a battery always has its cells series-connected. Figure 21 is a cut¬ 
away view of a typical lead-acid cell. 

When a lead-acid cell is fully charged, the negative plate is pure 
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sponge lead (Pb), and the positive plate is lead peroxide (PbO*)* If the 
cell is housed in a glass jar instead of in a rubber container, as many are, 
the polarity of the plates can be determined by the color of the plates, 
since lead sponge is light gray in color and load peroxide is brown. The 
electrolyte, as mentioned above, is composed of sulphuric acid (HaS0 4 ) 
and water (H 2 0). When the cell is put on discharge, the acid divides 
into its component* Il t and S0 4 . The S0 4 combines with both the positive 
and negative plntis. At tlie negative plate, it combines with the sponge 
lead (Pb) to form lead sulplu *c (PbS0 4 ). At the positive plate, the 
active material, lead jieroxidc (P >0 2 ), di rides into its component elements 
lead an 1 oxygen. Tin* SO, released from the acid combines with the lead 
release 1 from thi plate to again form lead sulphate (PbS0 4 ). The 
hydrogen released from the arid combine'* with the oxygen released from 
the positive plate to form water (JijO) and thus further dilutes 1 1 ' 
electrolyte. As the discharge pro grosses, both plates gradually aequ/v 
a coating of lead sulphate. The accumulation of lead sulphate eventually 
fills the pores of the plates and prevents the free circulation of acid about 
the active material. The notion is cumulative, and if the discharge is 
continued long enough, the eell voltage falls off very rapidly. In practice, 
discharge is always stopped before the plates become entirely reduced 
to lead sulphate. 

When a cell is chart!*''* current is passed through it in a direction 
opposite to that o!Yischa»go. Likewise, the chemical action is the reverse 
of that in discharge. The lead sulphate (PbS0 4 ) divides into its com¬ 
ponents Pb and SO,, and electmlvsis of the water component of the 
electrolyte occurs, liberating hydrogen and oxygen. The S0 4 released at 
both pistes comb.ries with the freed hydrogen to form sulphuric acid 
(H a SO,) The lead (Pb) released at the positive plate combines with the 
liberated oxygen again to form pel oxide of lead (Pb0 2 ) at that plate; 
tho lead released at the negative plate is retained at that plate in its 
original form, that is, sponge lead. 

It is apparent that as the cell is charg'd, the electrolyte becomes 
increasingly stronger, that is. its acid content becomes greater. Con¬ 
versely, as the eell is discharged, the electrolyte becomes weaker, that is, 
its acid content becomes smaller 1( follows, therefore, Unit tho relative 
acid content of the electrolyte js a direct indication ol the state of charge 
of the cell. The acid content of the electrolyte is best ascertained by 
measuring its s|>ccitic gravity. The specific gravity of a fully charged 
Lead-acid cell is 1.1100 Some types of marine lead acid batteries have 
lower specific-gravity readings. The specific* gravity of a discharged 
Icad-aeid cell is 1.100. Since the specific gravity of pure w'ater is 1.000, 
it is apparent that even when a lead-arid cell is discharged, there is on 
appreciable acid content in the electrolyte. 

The specific gravity of an electrolyte is measured by an instrument 
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called the hydrometer which consists of a glass tube with a small rubber 
tube at one end and a syringe bulb at the other and inside the tube a 
small weighted float. Electrolyte is drawn into the device by immersing 
the rubber tube in the solution, compressing the syringes and allowing it 
to expand slowly. The instrument is held in a vertical position, and as 
the syringe expands, the liquid is drawn into the tube by suction. The 
weighted float is calibrated so that the depth at which it floats within the 
glass tube varies with the density (specific gravity) of the liquid in which 
it is floating. A graduated scale on the float permits the specific gravity 
to be read directly from the level of the electrolyte about the float. 

Great care should be exercised by the operator in handling the electro¬ 
lyte of lead-acid cells. Severe bums may residt if sulphuric acid is 
allowed to splash upon the operator’s person or clothing. The remedy 
for such acid burns is immediately to apply ammonium hydroxide 
(common household ammonia). This neutralizes the aeiil and prevents it 
from doing further damage. Taut ion should also be exercised in mixing 
electrolyte for new installations of lead-acid cells. Sulphuric 1 acid is 
□fiually shipped in the concentrated form, and in mixing it with water, 
it must be remembered that traUr should nerer hr nddtd to the and. The 
chemical reaction resulting from this operation is very violent, and there 
is danger (hat the resulting steam may splash acid upon the operator. 
Ordinarily, the manufacturers provide specific instructions for pnrparing 
the electrolyte of a lead-acid cell. The standard electrolyte utilizes 011 c 
par, of acid to four parts of water. 

Maintenance of Lead-Acid Cells. Any impurities ill the electrolyte of 
a lead acid coll may cause it to operate erratically and may permanently 
damage the cell. Water is continually being lost from the electrolyte of 
a lead acid cell through evaporation and through excess electrolysis 
caused by periodic charging. ('arc should be exercised to inspect lead-acid 
cells periodically and to replenish the water in the electrolyte. Since the 
acid neither evaporates nor is consumed, it need not be replenished. 
The only way acid is lost from a cell is through leakage of a broken 
container. Should this occur, the plate* should immediately be renun od 
from the container and temporarily immersed in water in a nomnctallic 
container, such as a wooden bucket. Under no ciicumstanees should the 
plates be allowed to become dry. As soon as possible the plutes should be 
reinstalled in a new container and an entirely new electrolyte added. 

Only pure water should be used to replenish the electrolyte of a cell. 
Distilled water is recommended. Water that has merely been boiled is 
not satisfactory. Distilled water kept for use in load-acid cells should 
never be kept in a metallic container other than lead. (Uass. earthenware, 
hard-rnbber. or wooden vessels are commonly used for this purpose. 

Containers designed to house the plates of lead-acid cells are custom¬ 
arily constructed with vertical ribs in the bottom of them, as shown in 
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Fig. 22. The plates of large heavy-duty cells are constructed with feet 
on the bottom of the plates, winch permit the plates to rest on the ribbed 
bottom of the container. This arrangement allows splinters of wood 
from the separators, bits of active material washed out of the plates, and 
other debris that may accumulate in the cell to fail between the ribs to 
the bottom of the cell. The material is thus prevented from becoming 
clogged between I he >lates and causing possible short circuits within the 
cell. Occasional!, i,i old cells the debris accumu¬ 
lates to the tops ot the ribs, causing partial short 
circuit. When this occurs, th plates should bo 
remold the container thoroughly cleaned, the 
cell l dissembled and entirely new electrolyte 
added It is a good plan in such cases also to 
install uew wooden separators, si ire much of the 
debris is caused by disintegralion of the old 
separators. 

As mentioned above, when a lead-acid cell is 
charged, electrolysis id' the water in the electrolyte 4 
occurs, decomposing the water into its com ^ 
ponents hydrogen and owgen. A considerable . * ,u ’ 3 . 2 * section of 
portion oi these gases unavoidably escapes into shewn ,k supporting ribs, 
the ail, and the gases e*e evidenced by bubbling 

of tlu electro!} tc Simv hydrogen is a highly inflammable gas, caution 
must be exercised to av, id bringing open flames into the vicinity of 
charging tells. This liberation of gases from a charging cell is called 
g assing . 

A cell can be charged at a high rate until it begins to gas. As the 
charge progresses, the plates can no longer absorb current at the same 
rate If the rate of charge is the same, the excess current acts solely to 
cause electrolysis of the water, that is, to form h}drogen and oxygen 
gas. This results in excessively high temperature of the cell winch may 
cause the plates to buckle witli resultant physical damage to the cell. 
In addition, such overcharging, if persistent, tends to churn the active 
material out of the positive plates, thus greatly decreasing the efficiency 
of the cell. 

One of the most harmful actions that occur in a lead acid cell is known 
as local action. Impurities ar< always unavoidably present in the plates 
and sometimes iu the electrolyte of a cell. These minute impurities aet 
as one electrode of a tiny primary cell, and in conjunction with the plate 
proper acting as the other electrode small currents are set up within 
the cell. These local currents reduce the effectiveness of the plates of a 
cell foi their intended purpose, and, in addition, the chemical action 
producer! by them causes the formation of lead sulphate on the plates. 
The lead sulphate so formed is of a much harder texture than that caused 


LflliL 





62 


RADIO TJSOHNOLOftr 


by normal cell action. Local action is in progress continuously in any 
lead-acid cell, whether the cell is in use or not; it occurs, regardless of 
the state of charge of the cell. 

If the lead sulphate caused by local action is allowed to accumulate 
on the plates of a cell, it will increase the internal resistance of t lie cell 
to such ail extent that the capacity is reduced. Since this sulphate is 
considerably greater in volume than the active material of the plates, if 
unchecked, it may cause* the plates to buckle and may render the cell 
completely useless. 

Local action is most injurious when the state of charge of a lead-acid 
cell is low and the iemjienituro is high. Although it cannot be completely 
eliminated, the effects of local action can be materially decreased by 
maintaining the cell in a fairly good condition of charge and keeping the 
temperature as low as possible. Overcharging, with its accompanying 
high temi>erttture and other detrimental effects, should always be avoided. 
The load sulphate produced by local action can sometimes be lemoved 
from the plates by subjecting the cell to Jong low rate chargings. 

The plates of a lead acid cell should ne\er be allowed to become dry. 
Therefore, the electrolyte must always be kept at a height that will 
completely cover the plates. In most cells, it is customary to keep the 
level of the electrolyte about i hi. above the top ot the plates. This 
practice varies with the type and construction of the cell, however, and 
the operator should be guided Iry I he muuulacturer’s s|)ecilicatioiis in 
each case. 

The standard lead-acid cell will provide an emf of 2 v. A cell in good 
condition will maintain its voltage for a considerable period of time 
during discharge before beginning to fall off. When the voltage begins 
to fall off', it is an indication that the lead sulphate is beginning to clog 
the active material of the plates. If the discharge is continued to an 
extreme stage, the formation of sulphate may become so great 11 s to 
injure the cell permanently. To prevent ovcrdisclmrge, each commercial 
lead-acid cell lias a discharge voltage limit , beyond which further discharge 
may harm the cell. This limit is li\€*d by the manufacturer ami is specilied 
on the name plate of a battery of cells. The discharge-voltage limit 
varies w T ith different cells, depending upon the type of construction, 
concentration of the electrolyte, and normal rate of discharge. 

The capacity of a secondary cell is usually rated in ampere-hours, a 
unit designated to represent one am pen* of current flowing through a 
given circuit for one hour of time. The ampere-hour capacity of a lead- 
acid cell depends upon the amount of active surface of the plates exposed 
to the electrolyte. A cell having a great numlier of plates will therefore 
have a correspondingly large ampere-hour capacity. The voltage of such 
a cell, however, will not exceed the voltage of any other lead-acid cell, 
regardless of the number of plates. 
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The manufacturers of lead-acid cells customarily indicate the Normal 
discharge rate wf a coll. This discharge rate is given in amperes. A given 
cell will not oj>erate at maximum efficiency if discharged at a rate higher 
than its normal discharge rate. Thus, a battery of lead-acid cells with a 
240 nmp-hr capacity and a normal discharge rate of 20 amp will discharge 
continuously for 12 hr at its normal discharge rate of 20 am)) without 
falling below its lisr imrge voltage limit. Similarly, this battery, if 
discharged at a :> o q rate, can l>c expected to last 48 hr before falling 
below’ its discharge-voltage limi If the battery is discharged at J10 amp, 
however (above its normal disch r*>o rate), it will fall below its discharge 
voltage limit in considerably less than 8 hr 

Manufacturers rSo customarily indicate the rate at which a lead acid 
cell should bo charged for ma>imum etheiency, and (are should bo taken 
to abide by the manufacturers' 'ccommcndnlious in all cases. (Vie 
sistently overcharging a cell will Lveatly shorten its life. 

The Edison Cell. The Edison cell, also known as the mckel-iton- 
alkaline cell, difilers in electrical characteristics, construction, and 
chemical makeup from any other type of cell and is made only by the 
Edison Storage Battery Division of Thomas A. Edison, Inc. The Edison 
eell is an exceedingly long-lived, rugged, and efficient type of secondary 
cell. It is ideally suited to the type of service required of heavy-duty 
marine batteries, but bee'use of its greater initial cost, ils use is perhaps* 
not so widespread a that of othei types. 

In general, an Edisou cid consists of steel plates packed with active 
material immersed in a potash electrolyte within a steel container. Tim 
positive plate of an Edison cell is composed of a. number of perforated 
steel tubes into which have been packed under heavy pressure alternate 
layers of nickel hydiate and extremely thin flakes of pure nickel. The 
negative plate is composed of a steel grid somewhat similar to the grill 
structure of a lead-acid cell, except that the rectangular grid openings 
are much larger. Perforated nickel plated steel pockets into which iron 
oxide has been packed under heavy pressure mx* supported in the grid 
openings. 

As in the lead-acid cell, a typical Edison cell is composed of a number 
of positive and negative plates alternately interposed. The plates are 
prevented from touching each other by rigid, specially Seated hard- 
rubber frames that arc mounted at right angles to the plane of the plates. 
The combined plate structure is mounted in a welded corrugated steel 
container in an electrolyte consisting of a 21 per cent solution of potassium 
hydroxide mixed with a small amount of lithium hydroxide in distilled 
water. All the fMJssitive plates and all the negative plates are connected 
and terminate in steel posts. 

When an Edison cell is fully discharged, the active material of the 
positive plate is nickel oxide (NiO). The active material of the negative 

fi (N1 j 
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plat© is iron oxide (Pe $ 0 4 ). The electrolyte, composed of potassium 
hydroxide (KOH) and water (H 2 0), appears to act as a catalytic agent 
during both charge and discharge. When the cell is charged, the iron 
oxide of the negative plate is reduced to pure iron (Fe). The oxygen 
liberated from this plate passes to the positive plate where it combines 
with the nickel oxide (NiO) to form a higher oxide of nickel (Ni0 2 ). 

During discharge, tk action is reversed. The iron of the negative plate 
is oxidi/cd by the oxygen released from the positive plate as the oxide 
of nickel in this plate is reduced In a lower oxide The transfer of oxygen 
from the positive to the negan r e plat' during this process produces a 
differen e of potential. 

The density of the electrolyte during either charge or discharge of an 
Edison cell remains practically the same. It is apparent, therefore, that 
the state of charge of an Edison cell cannot he determined by specific- 
gravity readings ot the electrolyte The manner of checking the stave »' 
charge of an Edison cell is discussed later in this chapter. 

Maintenance ot Edison Cells. Since the Edison cell is not subject to 
such detrimental processes? as local action and sulpha tion, which affect 
acid cells, its maintenance is comparative!} simple. As with the lead-acid 
cell, it is important that the plates of Edison cells be kept immersed in 
the electrolyte at all times This is aeeom]dished by adding distilled water 
at periodic intervals to replace that lost by electrolysis or evaporation. 
The cells should hr kept clean at all times to prevent the accumulation 
of potash salts crystals abm t the vent caps (sometimes called k ‘ creeping ”). 
An application of oil or liquid petroleum jelly to the cell tops is efficacious 
in retarding creeping. The tops of new cells are usually coated with a 
rosin jell} compounded by the manufacturers for this purpose. 

Secondary-Cell Installation Considerations. Sec ondary cells of both 
the lead-aeid and Edison types find wide application as sources of 
emergency power aboard ships Ships aboard which a radio station is 
compul^>iy under international regulations are required by law* to have 
an emergency power source. The emergency power supply must be 
capable of delivering sufficient power to operate all emergency radio 
equipment for h period of not less than 1 hr. On most ships, this emergency 
source is also utilized for lighting when the regular ship's power has 
failed. On such ships, emergency power is supplied by a bank of storage 
batteries, cither lead-acid or Edison cells, or by a gasoline- or diesel- 
driven g< nerat or. 

The normal voltage in ship electrical distribution systems is 110 v 
direct current. Aboard large ships, where the emergency power source is 
designed to carry both the radio station and the ship’s emergency- 
lighting load, a bank of storage batteries is provided which will deliver 
120 v. The overvoltage provides for the voltage drop that is to be 
expected when the battery is connected to a load. 
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In order that a bank of emergency batteries may be in condition at all 
times to comply with the minimum power requirements of the law, it is 
necessary that they lie charged often and that |»eriodic maintenance 
inspections be made. To facilitate the general care of such batteries, 
most ships provide a separate battery room to house these important 
units. The battery room should he kept as immaculate by the ojierator 
as the operating room itself. The butteries should be greased or oiled 
regularly (both Edison and lead-acid types) to prevent creeping and the 
resultant poor electrical connections. Any spilled electrolyte should 
immediately lie neutralized (if a lead acid cell) by application of am¬ 
monium hydroxide, ns described above. Spilled acid will eat into the 
wooden trays customarily lined to support battery banks. In a remarkably 
short time, a portion of a wooden battery rack can completely disintegrate 
localise of the action of acid, (’are should also he exercised to maintain 
the battery mom watertight, csjiecially in rough weather. If salt water 
finds its way into the electrolyte of a cell, it may lesult in permanent 
injury to the coll. At the same time, it should always be remembered 
that the batten room must be wcl!\outdated when cells arc under charge 
to permit the exhaust of inllammahlc hydrogen gas. 

Since emergency battery installations are subject to numerous periodic 
chargings, such installations are usually provided with a so called 
charging panel, which is metalled a pail from othci radio mom equip¬ 
ment and provides a flexible means of sw it clung the batten from discharge 
to charge position and vice \ersa Upon the charging panel are also 
mounted the various safety devices for the protection of the battery and, 
in some installations, a meter, which indicates the state of charge ol the 
battery 

In order to charge a secondary battery from a given source of dii**ct 
current, it is necessary that the \oltage of the source be higher than 
the voltage of the battery. Otherwise instead of i lunging, the battery, 
having a higher voltage, will discharge into the line. A 120 v bank of 
storage batteries is therefore divided in (wo banks of 60 v each. When 
the batteries an* to be charged, the connections an* so arranged by 
switches that the two 00-v banks are connected in parallel across the 
charging line. When the batteries are to Ik? discharged, the connections 
an* changed by the switches so that the two banks ait* connected in 
aeries, thus providing a discharge voltage of 120 v. The student should 
study the section on series and parallel circuits in Chap. IV before 
attempting to analyze charging panel connections. 

All charging panels are equipped with fuses for protection against 
short circuits. Most panels provide fuses in both charge and discharge 
circuits. Thus, when the battery is on charge, any short circuit in the 
battery side of the circuit w ill blow the fuses aud prevent overload or 
other undesirable effects on the ship’s generators. Similarly, when the 
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battery is <m discharge, aiiv short circuit in the load cir cuit will blow the 
fuses, preventing excessive current from being drawn from the batteries, 

A number of charging-panel installations provide circuit breakers in 
addition to fuses for the protection of the batteries. A circuit breaker is 
a device which utilizes the principle of electromagnetic induction to open 
the circuit either oil underload or overload. As used in a charging circuit, 
a circuit breaker act- as an underload device. The charging current 
passes through th windings of an iron-core coil (an electromagnet). An 
iron core, called *he armature, is attracted to <Jie electromagnet by the 
magnetic field generated us a »' i sult o+* the current flowing through the 
windinio. When the armature «. in this position, a » intact on the arma¬ 
ture *\igages a stationary contact mounted on the breaker frame. These 
eonta t- are in senes with the changing circuit. If, fur any reason, the 
engine mom power fails, the electmniagnot is dc energized, releasing the 
arm a tun i . WJicn the armature i. no longer attracted to the elect r 
magnet. it is repelled by the action of a spring, thus opening the contact* 
With the circuit thus opened, the batteries arc prevented from discliarginjL 
into the line. When the* circuit breaker operates in this maimer, it is 
said to have "tripped." 01 course, the breaker must be set by hand 
originally to allow the holding coil to become energized. Similarly, such 
a breaker must always be reset by hand alter it has tripped. A circuit 
breaker should never be reset without first ascertaining and correcting 
the cause of Irippire. 

Overload cimut • tcakc'* are often provided in charging panel install 
at ions to prevent tne battery from being discharged bevoml its normal 
disclnuge tale Su<*h devices ensure that the battery is maintained 
above its normal discharge-voltage limit for n maximum period of time 
for a guen load. An overload circuit breaker utilizes a contact arm which 
is closed manually The coni acts are held in this closed position by an 
iron latch. An i lectminagnet with its windings in series with the dis¬ 
charge circuit and the contacts is so airanged that its field acts to attract 
the iron latch. When the current through this coil rises above a certain 
value, the magnetic field becomes strong enough ♦ ) attract the latch to 
the coil. This action releases the contact arm, which falls back, motivated 
either by gravity or a spring, and breaks the circuit. Provision is usually 
made to vary the adjustment of the device so that the niticul operating 
current can bo varied over a comparatively wide range. 

A popular method of maintaining emergency batteries in a charged 
condition is known as trickle, or floating, charge. This method consists 
of keeping the batteries conthnwllif on charge at a very low rate and will 
keep batteries in good condition with a minimum of attention. The 
operator should see that sufficient ventilation is provided at all times. 
Periodic inspections must he made to ensure that the level of the electro¬ 
lyte is maintained at a point that keeps the battery plates immersed at 
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all times. The recommended rate of trickle charge is usually specified 
by the manufacturer for a particular battery. In the absence of such a 
specific recommendation, the proper trickle charge can be determined 
experimentally. Since this system keeps the battery on charge 24 hr a 
day, overcharge or undercharge can seriously affect the battery’s 
efficiency. In general, it should be remembered that if the batteries gas 
continually, they are being overcharged. If the sjieeific gravity (in the 
case of lead-acid cells) continues to drop, the batteries are being under¬ 
charged. 

Many charging-panel installations provide trickle-charge circuits. The 
normal (high charge) circuit includes a number of fixed, and sometimes 
variable, tapjied resistors in scries with the line, and the rate of charge 
may be varied by cutting resistance in or out of the line. Trickle charge 
is often provided for by a tap on the main charging-resistance network. 
The necessary additional fixed resistors arc then usually permanently 
connected in the switching circuit. When a battery is kept on trickle 
charge, it is often said to be "floating across the 11110 .” 

A 11 instrument often included in standard charging panel installations 
is the ampere-hour meter. Tliis unit is used to indicate indirectly the 
state of charge of a battery and is of particular advantage in Edison-cell 
installations. The amjiere-hoiir meter employs a small motor connected 
in series with the charge and discharge circuits of the battery. The speed 
at which the motor runs depends upon the amplitude of the current in 
the circuit. The motor is reversible. When the battery is chaiging, the 
motor runs in one direction. When it is discharging, it runs in the 
opposite direction. The unit is so constructed that rotation of the motor 
operates a pointer that moves over a dial calibrated in ampere-hours. 
If the battery is discharged, the pointer moves to the right. *lf the battery 
is charged, the pointer moves to the left. The position of the pointer on 
the dial, therefore, indicates at any instant, the approximate available 
capacity of the battery. A manually movable red pointer is provided 
with the unit which is set at the dial setting which coincides with the 
capacity limit of the battery. The movable motor ]>ointer should never 
be allowed to go to the right of the red pointer. Whenever the movable 
pointer reaches the red pointer, it is an indication that the maximum 
usable capacity of the battery has been utilized and the battery should 
be recharged. When placed on charge, the charging current causes the 
pointer to move to the left at a rate determined by the charging current. 
The amjiere-hour meter is provided with a set of contacts designed to 
prevent overcharge of the battery. As the pointer moves leftward during 
charge, it encounters a contact just before zero (fully charged position) 
is reached. The contact so made causes a circuit breaker to trip, dis¬ 
connecting the battery from the charging source. 

On many small ships, a small auxiliary transmitter is utilized for 
emergency purposes. Such transmitters are customarily powered by a 
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motor generator operating from a 12-v lead-acid battery. In this arrange** 
ment small ships differ from larger ships on which the main transmitter 
is simply switched over to large battery banks to provide emergency 
communication. In such small in¬ 
stallations, maintenance of emer¬ 
gency batteries is accomplished 
on a much sm<illei scale than 
in the larger inr ti llations. The 
salient features ol maintena <*c 
are the same, however. A fcypi il 
12-v emergency battery with 
accompanying charging ])anel is 
show it in Fig. 24. 

Lead-acid batteries are also 
customarily employed to supply 
filament power for ship radio re¬ 
ceivers, two separate batteries 
usually being provided for such 
service. A charging panel is used 
for receiver batteries which jkt- 
mits one battery to be charged Tpfitschat 
while the other is being used, or circuit 
discharged, by me, us oJ a flexible 
switching arrangement. F T ■ v ' ,, " ,,l 12 ' 

QUESTIONN AS1) HJtOHLEMS* 

1. What method of connection should lx* used to obtain the maximum 
no-load output ’voltage from a aiotip of similar cells in a storage battery l 

2. How docs a primary cell differ liom a secondary cell - 

3. What is the chemical composition of the active material composing 
the negative plate of an Edison-typo storage cell f 

4. What is polarization us applied to a primary cell, and liow r may its 
effect he counteracted * 

5. How should sulphuric acid and watei be mixed if it becomes necessary 
to do so in order to replace lost electrolyte' 

6. What is meant hv the term ‘’sulphation’’ as applied to a lead-acid 
storage cell ! 

7. What is the chemical composition of the active material composing 
the positive plate of a lead-acid type storage cell' 

8 . What is the chemical composition of the electrolyte used in an Edison- 
type storage cell' 

9. What is the chemical composition of the electrolyte in a lead-acid storage 
cell ! 

10. What method of connection should be used to obtain the maximum 
short-circuit current from a group of similar cells in a storage battery' 

* These question# and problems are is ken from the “ E.C.O Study fjiuric for rommereiaJ 
Hadin Operator Examinations.” 
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Tn d-c work there are two basic* types of networks to be considered - 
the series circuit and the parallel circuit. The study of d-c theory is 
primarily the study of current and voltage relations in series and parallel 
circuits and the calculation of the resistance of such circuits. All d-c 
networks, no matter how complex, can he reduced to combinations of 
series or parallel circuits or both. Once the principle of series and parallel 
eireuits is understood, the solution of any d-c network is simply a matter 
of breaking down the network into the component fundamental eireuits. 

OHM'S LA 11' 

Jn 1K27. when (Seorg Simon Olnn formula!ed the famous law named 
after him, one of the most important forward steps in llie history of 
electrical science was made. Ilis law laid 1 lie groundwork for practically 
all our electrical theory as we know it today. The student should not 
underestimate the importance of Ohm’s law, despite its apparent 
simplicity at first glance. Thorough understanding and intelligent appli¬ 
cation of this law are absolutely essential for the proper solution of (very 
major circuit used in radio work. Ohm’s law states: 

The r in renl in ampere* in any tjiven circuit i* directly proportional to the 
electromotive force in roll* and incemly proportional to the resistance in olnn*. 

Notice that all values in Ohm's law are given in unit*, that is, amperes, 
volts, and ohms. Care must he taken to reduce all values to units before 
applying Ohm’s law’ to a given problem. 

Mathematical Forms of Ohm’s Law. Ohm’s law, as it is given above, 
is a Catena id of the relation that exists between current, voltage, and 
resistance in a circuit. It is more* convenient in applying this law to 
represent tin's relationship mathematically as a formula. Presented 
mathematically. Ohm’s law' states 


where / -- standard symbol for current; 

E - standard symbol for voltage; 

R -- standard symbol for resistance. 
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In Chap. II wo learned that au equation in the form of Eq. (1) is a 
Him pie linear aquation. We learned, too, that we could wolvo auch an 
equation lor any unknown in terms of the remaining values by simply 
clearing of fractions and making the proper transposition. Tri Eq. (1) 
we have f in terms of E and 7?. In order to find E in terms of / and R, 
we simply clear Eq. (1) of fractions by multiplying both sides by 7f; 
thus, 

1R - bl (2) 

or, by rearranging as it is more ^morally used, 

v IU. (») 

To iind R in ter"s of E and /, we divide both sides of Eq. (2) by /, 
giving as 


We find therefore, that the statement, of Ohm's law can be arranged 
mathematically in three wins. Ilia! is, Eqs. (I), (:*), and (4). The student, 
of course, need remember only one of these forms. Hy SO ohms 
applying aljrehm. it is a simple matter to derive each 
of the remaining forms. 

Problem. If an emf uf v is applied m-rnss the resistor 
shown in Fig. 25, w ml i .neiit will tlow tluougli the 
resistor/ Kn.. Jfi. 



Solution. Since the unknown quant il\ in this ease is the current, or 7, it 
is convenient to apply Ohm's law in the form of Eq. (I). thus, 

, E 

7 ' li (l) 

Substituting the known values of E and h\ 


Since the known values of E and R wen* g : ven in units, the answer according 
to Ohm's law will also be in units, or 

/ 2 amp. (7) 


Problem. If the value of the resistance shown in "Fig. 25 is iinknowr, how 
can we uncertain this value if it is known t hut an emf of 100 v applied across the 
resistor will produce a current How of 25 mu t 
Solution. In this problem, wt* arc given the \allies of E mil 7, but R is 
unknown It is apparent, therefore, that Eq. (4) is the proper form of Ohm's 
law to use and since Ohm’s law is stated in units, we must first reduce our 



n 


RADIO TECHNOLOGY 


given values to units before applying Eq. (4). The voltage is already given 
in units and may be applied directly. The current, however, must first be 
reduced to amperes. 

According to the conversion table given in Chap. 1, the prefix willi indicates 
one thousandth. Making use of exponents, we find, 



25 ma - 25 • 10-“ amp, 

(H) 

or 

25 ma -- 0.025 am)). 

(») 

Since both given values have now been redured to units, 

wo may proceed 

in applying Ohm’s law. 


(4) 

Substituting, 

iOO 



R 0.025’ 

(J«) 

Solving, 

R -- 4,000 ohms 

(11) 


Power in D-C Circuits. The unit of electric power, as we know, is the 
watt. According to the basic definition of the Matt, as given in Chap. I, 
one watt represents the rate at which work is done by a current of one 
ampere at a pressure of one volt; or, expressed mathematically, 

1 w - 1 v ■ 1 amp. (12) 

•Stating Eq. (12) as a general formula, we may sa> 

P - AY, (Hi) 

where P - power in watts; 

E -- electromotive force in volts; 

1 - current in aui])oreb. 

The power in any d-c circuit can thus be obtained by substituting the 
values of voltage and current of the circuit in Eq. (13) and solving for P. 
It will be noted that hen 1 again, all given a allies must be reduced to units 
before substitution. 

Often it is desirable to ascertain the power evponded in a circuit when 
the voltage and resistance or the current and resistance are the only 
known values. Power equations have been derived to meet this need 
by the application of Ohm’s law to Eq. (13). 

P -EL (13) 

According to Ohm’s law, 

E--1R. (3) 

Substituting in Eq. (13) the value of E given in Eq. (3), we got 

P =- 1RL (14) 


or 


P -= PR. 


( 15 ) 



DIRECT-CURRENT THEORY 


n 


Equation (15), therefore, gives us the power in watts when the current 
in amperes and the resistance in ohms are known. 

In like manner, we may substitute a value for 1 in Eq. (13). Since, 
according to Ohm’s law, 


we may take this ' aim of / given in Eq. (1) and substitute it in Eq. (13), 
giving us 



(U) 


or 


P 


E* 

ft' 


(17) 


We now have three forms of the power equations—Eqs. (13), (15), art, 
(17). All three forms should be memorized, since frequent use of them 
will be made throughout the text. 

In d-c work, we deal constantly with thi*eo circuit values, namely, 
voltage, current, and resistance. When any ttw of these values are known, , 
we can find the third by the application of the proper Ohm's law equation, 
and we can find the power expended in the circuit by the application of 
the corresponding powei equation. (inversely, if the wattage und any 
one of thr above \ lues “io known, we can ascertain any or all of the 
remaining circuit \aiues. 

Problem. In the 50-ohm lesistor illustrated in Fig. 25, 200 w of power is 
being expended. What is the voltage amiss this resistor 9 Wliat current flows 
through the resistoi ; 


Solution. 



P - PR. 

(15) 

Dividing both -ides hv /?, 

: "■ 

(18) 

Ext e acting the square root of both sides, 



I'm '■ 

(19) 

Rearranging, 

Ip 



1 -Jr 

(20) 

Substituting, 

jm 

(21) 


Wa- 

or 

/ = s/\ — 2 amp. 

(22) 
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Then, 

Substituting, 


E - IR. 

E 2 * 50, 
E 1(M) v. 


(3) 

(23) 

(24) 


It should Ik 4 remembered that Ohm’s law and the power equations 
can be nppiied not only to an entire circuit but also to any portion of a 



circuit. In the latter case it is 
apparent, of course, that the 
\ allies substituted ui the for¬ 
mulas are true only for the 
particular portion of the circuit 
to which the formula is being 
applied. Applications of these 
formulas to portions of complex 
circuits will be illustrated iu a 
later part of this chapter. 

A resistor, as t Ik* term is used 
in electric* ciieuits. is a con- 
d net ui in which is concentrated, 
or lumped, n comparatively 
huge amount ol actual ohmic 
resist am c to the flow of an 
elect lie cLurcut Another wav 
of desert hum it would he to suv 
that a resistor is a pool con- 


aii hisuImIisJ niWiilli/ptl (.l.iss lulu* i*, 

(*OtihuL with a inH tilli/pil K'-islrilin' iti.iti*i wiI 
and rminoi lod to oUpmi.iI Jp.iUn Tim nnhi» 
unit is ■‘Ptili'il l»v a iiioltlisl itisiil.iting |iIiptio1k 
[Cow list/ of lulu nut until Itt \tslttnt t CV» ) 


duet or Thr higher the resist 
anee value of a resistor the 
poorei the* conductor it is. 
('oimnercial resistors arc* usually 
made of carhon or other high- 


resistance material or are composed of main turns of high resistance 


wire wound about a cylindrical form of insulating material. 


Kesistors are used in radio circuits wherever it is desirable to itecreane 


the amount of electric energy being applied to an electric circuit. For 
example, when two portions of a ciicuit are designed to operate at different 
voltages, it is usually not convenient to utilize twm separate sources of 
voltage. One power supply is used, which supplies the higher-voltage 
portion of the* circuit. A resistor of the proper value is them inserted in 
the circuit between the voltage source and the lower-voltage portion of 
the circuit, assuring that the proper voltage differential is maintained. 

According to the theory of the conservation of energy, energy cannot 
be destroyed. When energy is utilized to do work of any kind, we do not 
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located in chassis or cabinets that they do not obtain tho amount of air 
circulation essential to cooling. Thus, for the resistor used in the last 
problem, the actual wattage of the circuit is 200 w. In purchasing a 
resistor for use in that circuit, standard practice would dictate the 
purchase of a 50-ohm 300-w resistor. Generally speaking, the smaller the 
resistance value, the higher the safety factor that should be allowed. 


SERIES CIRCUITS 

Characteristics. There are only two basic ways in which electrical 
components of a circuit may be connected, namely, in series or in parallel. 


Rt R2 R$ 


—MAM—■—AAAAAAr- VMM— 


—■A/WVWi- ■ -WWW VWW~" 


■ 

-iimi- 

Fi(i. 28. 

Fm. 2!l. 


When two or more components are connected in tandem, as in Fig. 2H, 
they are said to be series-connected. 

If the three resistors shown in the series circuit of Fig. 2 H are connected 
to a battery, as shown in Fig. 29, wo know that current will flow' from the 
positive pole of the battery through each of the resistors in turn before 
completing the circuit to tho negative pule. If any one of these resistors 
should become open-circuited, we know that no current would flow' 
through any of the resistors, since the only path by which the current 
can possibly complete the circuit is through each of tho resistors in turn. 
It is evident that the same current flow s through all the components in 
such a circuit. We can therefore formulate a fundamental law’ for such 
circuits: The current its the same in all part h of a series circuit. 

The total resistance of all the resistors in a series circuit is obviously 
the sum of the individual resistance's. Expressed mathematically, 

R< « R, 1 R 2 1 t ■ ■ ■ , (25) 

where R t — total resistance. 

Ohm’s Law in Series Circuits. If, in Fig. 29, we assume a value of 
10 ohms for R v 20 ohms for R 2i and 30 ohms for R& then, according to 
Eq. (25), the total resistance, or R t , will equal 60 ohms. If the battery 
shown in Fig. 29 delivers a voltage of 6 v, then, according to Ohm’s law, 



( 1 ) 
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or, 


and 



7 -- 0.1 amp. 


m 

(27) 


According to '>u* hivt rule for scries circuits, therefore, we know that 
0.1 amp flows tlir< ugh each of the resistors in this circuit. Since we 
know the resistance in each cat* h '\e can then apply Ohm’s law to each 
portion of the circuit in turn j,nd find the voltage drop across each 
resistoi 


Substituting, 

ami 

Similarly, 

Substituting, 

and 

Also, 

Substituting, 

and 



1R V 

(28) 

*1’ 

o.l 10, 

(2l\ 

E\- 

1 V. 

(30) 

B t 

IK 

(31) 

B» 

0.1 ■ 20, 

(32) 

B, 

2 v. 

(33) 

B. 

IK 

(34) 


0.1 ■ 30, 


B* 

3 v 

(36) 


whore - \oltage drop across 

- \ oltage drop across 72 a , 
/? 3 - voltage drop across /ij 


It is at once apparent that there is a certain similarity between the 
voltages amiss the components and tin* resistances o! the components. 
Left to right in Fig. 21), the resistance! arc 10, 20, am 1 HO ohms; the 
voltages 1, 2, and 3 v. The voltages, we note, are proportional to the 
resistances across which they appear. This is not just a coincidence for 
this particular case. Had we chosen odd values of resistance, such as 
31, 47, and 83 ohms, we would have found that the voltages were exactly* 
proportional to the resistances across which they appear. That this is 
true for all cases can be realized by an inspection of the Ohm’s lav 
equation 


E -- IB. 


( 3 ) 
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If / re main h the name (aw it does in all party of a series circuit), E will 
vary directly with It. In other wordy, if R is increased, E will increase 
proportionally. If It is decreased, E will decrease proportionally. As we 
have seen with the series circuit of Fig. 20, R 2 WM,H twice the resistance 
of R i , consequently, E 2 was twice the voltage of If If is tripled, E 
is tripled, and so on. We can therefore formulate our second fundamental 
law for series circuits 

The voltage across any part of a series circuit is directly proportional to 
the resistance of that part of tin circuit. 


PARALLEL CIRCl'I'P S' 


Characteristics. When two or more components of a circuit are 
connected across each other or across a common voltage source, they are 


*t 

HVWWVS 
R 2 

|-\waaH 

fit 

MVWWnM 


H|l|l 

Fm. 30. 


$ 


said to he parallel-, or shunt-, connected. It a battery 
is connected to the circuit, as shown m Fig. 30, it is 
apparent that the batten voltage is applied equally 
across all three resistors This is obvious since one 
terminal of each resistor is direct 1\ connected to a positive 
pole of the batten and the olhei terminal of each 
resistor is directly connected to a negative pole of the 
batten. It billows, tlicrcfnie that the first fundamental 
law for paiallel circuits is. 

The roltaye is tht s amt across alt Otanchts oj a pmallel 
circuit. 


t'ompuring the total resistance of n parallel circuit is 
a slightly more complex procedure than for a senes circuit. The total 
resistance of a parallel circuit is equal to the reciprocal of the sum of the 
reciprocals of the individual resistances. This can more clearly be ex¬ 
pressed mathematically as 


R t - 


1 


■I 7T I 


R, 1 R 


or, expressed differently, 
1 

R t 


= S] r R t 


u 1 n 


(3«) 


(37) 


Formulas (30) and (37) apply to any parallel circuit, regardless of the 
number of branches. There are certain special cases of resistors in parallel, 
however, for which short cuts are available. Two such eases are: when 
all the resistors in a parallel network arc of equal value and when there 
are only two branches to a parallel network. 
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When all the resistors in a parallel network ore of equal value, the 
total resistance js found by simply dividing the value of one resistor by 
the number of resistors in the network. Thus, if two 10-ohm resistors are 
in parallel, the total resistance is 10 divided by 2, or o ohms* If six 10-ohm 
resistors are in parallel, the total resistance is 10 divided by 6, or 1.6 
ohms. Expressed as a formula for any number of equal resistors, 

if, 

*r-=y’ (38) 

where R t total resistance; 

R, resistance of any one .csistor, 

2 number of resistors. 


Wher there are only two resist or* to a parallel network, the total 
resistance may be found by drviling their product by their sum. This 
holds true whether oi not the resigns arc of equal value. Expressed 
mathematically, 

*' R U R ’ (49) 

«1 t **2 

One fact should be remembered m computing parallel-circuit resistance 
—the total resistance is almttff* Ins than the resistance of the xmalhst 
coni]ament resistor. 

Ohm’s Law in Parallel Circuits. If the resistors in Fig III) aie assigned 
values of 10, 20. an 1 30 «>i<uih, respectively. for R v R, 2 , and /tf 3 , sub¬ 
stitution in Eq (30 will g.ve a total resistance of , r ».4. r > ohms for the 
circuit. If the battery shown m the diagrnni delivers ti v, then, Recording 
to Ohm's law, 

' E (D 

n 

Substituting, 

(40) 


I 


R 

0 

r>.4r>’ 


and 


J 1.1 amp (41) 

This current of 1.1 amp is tlic total circuit current, since we have 
applied Ohm's law' to the intirt circuit, and is tlie ciment that would be 
indicated by the ammeter in Fig. 30. According to oiu fin t Haw for parallel 
circuits, the voltage is the same across all blanches of a parallel circuit 
Therefore, we have two known values for each branch of the parallel 
circuit. We know the voltage and the resistance of each leg. We can 
then readily apply Ohm’s Jaw to eaeli resistor in turn to find the remaining 
unknown value, the current in each leg. The particular Ohm’s law equa¬ 
tion whieh applies in this problem is again 

■ ■I 


7 (NY 
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* 

Substituting, 



<) 

To ^ 

0.0 amp, 

(42) 

n 

6 

20 

0.2 amp. 

(43) 


0 


(44) 


26 

0.2 amp. 


Here again certain similarities .stand out. it is at unco apparent that 
the maximum portion of the total current ilows through the smallest 
resistor. As the resistors become larger, tin* current llowing through 
them becomes smaller. When R is increased from in to 20 ohms, as 
illustrated by the resistors lt } and /* 2 in the example'. / is decreased from 
0.6 to 0.2 amp (J 1 and / 2 ). In other words, when the resistance is doubled, 
the current is halved. When the resistance is tripled, us illustrated by 
/S 3 , the current is reduced to one third. That this relation is true for all 
oases can be scon by an insjiection of the Ohm’s law equation 


It is obvious that any increase in R will cause a proportional decrease 


in the total value of the fraction 


K 

H 


nr / ; 


coinerscly, any decrease in It 


will cause a proportional increase in /. 

Another fact disclosed by solution of the above problem is that the 
sum of the branch currents equals the total current. This statement 
must obviously be true for all eases, since there is no oilier way for the 
current to complete the circuit to the battery oilier that! through the 
various parallel legs of tin* ciieuit. 

The second fundamental law for parallel circuits, therefore, is: 


Tht nnrnit through each hianrli of a paraltfl circuit i# inversely pro¬ 
portional to th( rcxititancf through irfnrh it flow#, aiut the tiltpbruic sum of 
//w bra wit current# it s iqual to the total ntrrmt. 


KIRCH HOFF'8 LAWS 

Kirchhoff’s First Law. Ohm's law. as we have said l>eforc, is all- 
important. It is a direct application of the law of the conservation of 
energy to the phenomena of electric currents. Useful as Ohm's law r is, 
however, there are certain complex circuit combinations that cannot be 
solved by its use alone. First to realize the need for supplementary rules 
was the German physicist Gustuf Uolicrt Kirehhofl'. In the early part 
of the nineteenth century’, Kirchhoff developed a theorem that further 
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clarified the distribution of currents in a network. He extended Ohm's 
law for a linear conductor .to the case of conductors in three dimensions, 
in this manner generalizing the equations dealing with the flow of elec¬ 
tricity in conductors. 

Kirchhoffs theorem has been handed down to us in the form of two 
basic laws that can be applied directly to specific problems. Kirchkoff’s 
first law states: 

The algebraic sum f the voltagt drops around every clov'd circuit, i winding 
the source, is ahvays equal to zero 


This law simply stales in effect that no electricity 
point in a circuit Another way of 
stating KirchhofTs first Jaw is ■ Tin 
sum of th JR drops in any circuit is 
equal to the algebraic sum of the varims 
nnfs acting in the circuit. 

Projier application of this apparently 
obvious fact considerably simplifies the 
solution of many networks. In the 
circuit in Fig. 31, there are three separ 
ate voltage sources, two voltages sup¬ 
plementing each other and the third 
opposing the two. r l he cn *uit is easily 


i cumulates at any 

-AA/WW- 



solved for any unki own value 
Thus, 

E I E., 


by application of Kirehlintfs first law. 
E x JR x | 1R V (45) 


This U|iiation is Miuply an expression of the known facts about this 
circuit according to KirchhoflTs law. Nevertheless, Fq. (45) may be 
used to find am unknown in the circuit by merely solving for the unknown 
in terms of the remaining known values. If, for example, it is desired to 
ascertain the potential existing across the resistor R x , we simply make 
the necessary transpositions in Hq. (45) and obtain 

1R X E i Ik E x IU 2 . (46) 

Kirchhoffs Second Law. KirchhofTs second law 7 states: 

At any point in a circuit flare is m much cur mi t flowing to the point as 
thfrr is flowing away Jrow it. 

Another way 7 of expressing this rule is. Tin algebraic sum of the currents 
at any point in a circuit is always zero. 

As an example of the use of KirchhofTs laws, consider the circuit of 
Fig. 32, in which the current 7 and the resistors R x , R g1 and so on, are 
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known, but the five currents I v / g , and so on, and the five voltages E lf 
E 2 , and so on, are unknown. As will be shown, Ohm's law alone is not 

sufficient for solving a cir¬ 
cuit of this type. 

Ohm's law allows us to 
write tlie following five 
equations for this circuit: 

*1 Mi. 



(47) 
(4K) 

(49) 

(50) 

(Bl) 

10 equations 

arc needed to solve the problem as there are LO unknown quantities. 
Two more equations are obtained from KirclihoiT* first law. Equaling 
the voltage drop in the loop DACD to zero. 

Mi t Mi Ml 0. (52) 


K* 

K t 

Kr, 

However, 


1-iK 

M,. 

IrMr, 


The two minus signs are due to the 
fact that tin direction taken mound 
the loop is opposite to the assumed 
direction of the currents / t and 
(If tl is assumed direction is ineoireet 
in the ease of / 5 , foi example, the 
value of/ c will turn out to lie negative 
in the final solution.) 

Similarly, for the loop IX 1 HI) we 
ohtain 

M* Ms Mi o (5») 

The three remaining equations neces 
aaiy for a solution are obtained by 
means of the application ot KnchhofTs 
second law. Equating t lie cm rent cnlei - 
ing to the current leaving point -1, 
we have, 



lot I!,} Vwiialili lisisluioi pntun- 
lionif'U'i ofhtt'iyof ( Mtwu- 

fm tut my Co , Itu ) 


For junctions II and (\ 

and 


/ /, \ h. 

U ! / 4 /• 


(r*4) 

("•») 


Ii I hi h- (^b) 

It is not necessary* to write the equation for point />, because ull the 
currents entering or leaving this point aie included in the equations for 
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points A, B, and C . We now haw 10 simultaneous equations in 10 
unknowns, which may be solved by using the methods of Chap. IX* 

D-C METERS 

Electricity can be observed only indirectly by detecting its effects 
through the use of spee dily designed instruments. Such instruments 
enable us to meas-ir* act urately the voltage, current, and other electric- 
circuit values. 

The Ammeter. Perhaps the s i iplest instrument used iu radio work 
is the ammeter. It depends for its >poration upon the j • inoiple of electro- 
magnetn induction discussed in (*hap. J As shown in rrig. 114(a), a coil 



(a) (b) 

Km ‘ti 

is mounted upon pivots between the poles of a ]>ennanent magnet. 
Purrcut flowing tluough the coil will create a magnetic field that is the 
same as thal funned l»\ the north and south ]>oles of a short magnet, 
giving rise to repulsion and attraction foiccw between the coil and the 
permanent magnet. The north pole ol'the coil wjII be attracts by the 
south pole and repelled by the north pole of the permanent magnet. 
Similarly, the south pole of the coil will be attracted by the uortli pole 
and repelled by the south pole of the permanent magnet. These forces 
will cause tin- coil to rotate until the electromagnetic forces are balanoed 
by the force of a spiral spring that is mourned so that n tends to return 
the coil to its neutral position. A pointer is mounted upon the coil so 
that it moves oxer a graduated Mule as the coil rotates. 

Since the magnetic field created by the permanent magnet is a fixed 
value, the amount that the coil rotates about its axis will dtpend directly 
upon the strength of the electromagnetic field about the coil. As we 
know, the strength of the electromagnetic field is directly proportional to 
the current flowing through the coil. The pointer movement across the 
graduated scale therefore is a direct indic ation of the amount of current 
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flowing through the coil. All that remains is to calibrate the graduated 
scale in units of amperes. This principle is the basis of the Weston 
movement, which was developed in the late nineteenth century by l)r. 
Edward Weston and is used in most'd-c instruments today. 

Sensitivity. Hie sensitivity of a meter refers to the amount of current 
necessary to move the pointer across the full scale of the meter dial. 
Thus, a meter that requires a current of 1 ma for full-scale deflection is 
said to have a sensitivity of 1 mu. If a current meter is calibrated in 
amperes, it is culled an ammeter; if calibrated in miLliamperes, u milli- 
snuneter; if ill microamperes, a microammeter; and so on. Current 
meters having a sensitivity of .10 pa, are quite common. 

Instead of constructing a variety of meters with different sized coils to 



Kit- 3.1 \ t\|ji« ..I ummctci Klmiit cm ml 

meet various needs, a common piactice is to utilize a meter movement 
of fairly high sensitivity and equip the instrument with one or more 
shvnift to extend its range* The utility of a given instrument is thus 
greatly increased at comparatively small additional cost. 'A shunt, in 
this sense, is simply a resistor that is s/no/W, or patufhM. across the 
meter coil (see Fig. 3,1). Tf the meter in the diagram has a sensitivity of 
1 amp and an internal resistance* of I ohm, the necessary value of shunt 
resistance to extend the range of the instrument to any given value can 
be easily computed Since the circuit is a simple parallel circuit of two 
branches, the current rule for parallel circuits applies to it 

Problem. If the ammeter m Fig. 3.1 Hum a sensitivity of 1 amp and an internal 
resistance of 1 ohm, what value of resistance must lie shunted across it to 
extend the range to 10 amp f 

Solution. According to the current rule for parallel circuits, the current in 
each branch is inversely proportional to the* resistance through which it flows. 
Therefore, 


/» K 
l* 


( 57 ) 
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where I m 1 amp - current flowing through meter; 
I z - 9 amp -■ current flowing through resistoi; 
R m - 1 ohln -- internal resistance of meter; 

Rjf -- resistance of shunt resistor. 


Since the meter lia h n sensitivity of 1 amp, we cannot allow more than 1 amp 
to flow through it. The remaining 9 amp of the total current of 10 amp must 
flow through the shunt S. Instituting, 


1 ^ 
<) 1 ’ 


( 58 ) 


and 


9 ,., - 1 , 



(59) 


The scale reading in the above ilhi drat ion must, of course, be multipliec 
lij 10 to obtain the true total-current reading. 

It is apparent that a given current meter may he rquip|>ed with a 
nutnher of shunts, thereby greatly increasing the range of the instrument. 
This practice is common in radio test equipment, the various shunts 
being connected by means of a mult it upped switch. 

An\ type of nurnif meter should always he connected in xer'm with 
the circuit whose current is being measured. 

The Voltmeter. ' d-t \ultmeter is really a social application of a 
current meter. Aoemding u the Ohm’s law equation 


if the resistance of a circuit is consUxui, the current flowing through it is 
directly proportional to the \oltage across it. Any given d-c ammeter 
has a constant value ol resistance which is unaffected by the amount of* 
current flowing through it If, therefore, such an ammeter is connected 
across a circuit instead of in scries with it, the current flowing through 
the meter as indicated oil the meter scale is directly proportional to the 
voltage of the circuit. Consequently, we can calibrate the scale of the 
meter in wlla instead of am perca ami use the meter to indicate voltage. 

If an ammeter, such as the one used in the problem a Dove, W'ere con¬ 
nected across a 100-v circuit, the current through the meter, according 
to Ohm’s .law, would he 100 amp. Obviously the meter, since it is 
designed to carry only I amp, would burn out. (Jlearly some resistance 
must be inserted in the meter circuit to limit the current to the meter 
capacity. The value of this resistance is easily determined by Ohm’s law 


R - 
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Substituting, 


UK) ohms. 


In this case 100 ohms is the total resistance of the meter circuit, 
including the meter internal resistance of 1 ohm. The resistance that 
must be added, therefore, is 99 ohms. A current of 1 amp flowing through 
this meter circuit (full-scale deflection) would indicate 100 v across the 
circuit. Such a voltmeter would lie said to have a mmliviiy of 7 ohm per 
volt , Actually, a 1-ohm-per-volt meter would be highly impractical for 
radio work, since the excessive current (1 amp) drawn by the meter 
would seriously disturb normal circuit conditions. A practical voltmeter 
has a very high resistance, thereby adding very liltle load to the circuit 
under measurement. Most commercial voltmeters have a sensitivity of 
1,000 ohms per volt; and meters with sensitivities of 10,1)00 and 20,000 
ohms per volt are quite common. 


RESIST A N( 'E ME AS U REM ENTS 

Circuit values of voltage and current can bo obtained directly by means 
of the instruments described above. The icaiktaHce of a circuit, however, 
cannot be so readily ascertained. There is no instrument that (‘an he 
connected directly into a live circuit to indicate instantaneous values of 
circuit resistance; it is therefore necessary to resort to indirect methods 
to obtain this value. There are numerous ways of measuring resistance, 
but we shall discuss four of the more eommonh used methods. 

Voltmeter-Ammeter Method. The voltmeter-ammeter method is prob¬ 
ably the simplest, although not always the most convenient, to use. 
The method consists of taking voltage and current readings* with the 
unknown resistance m the circuit and then applying Ohm’s law to And R. 

It (4) 

The disadvantages of this system are obvious. It necessitates the use 
of tvx> instruments to obtain one circuit value; a separate power supply 
is required: and the range of resist unci that can be measured in dependent 
upon the types of voltmeter and ammeter that are available. 

Ohmmeter Method. It has been shown above how a eurrent meter 
can be adapted to reading voltage through application of the Ohm’s 
law equation 

f B 

- - R (i) 

In the voltmeter circuit , it is apparent from Eq. (1) that with R 
constant any variation in voltage E produces a directly proportional 
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variation in current I with a resultant proportional movement of the 
meter pointer over the scale. 

In like manner, if E m kept constant and R is varied, it is evident 
from an inspection of Eq. (1) that there will he a resultant variation of 
L In this case, however, it is apparent that increasing R will decrease /, 
and, conversely, decreasing R will incr<use 7. In other words, 7 is inversely 
promotional to R. 

This principle is utili ed m adapting current meters to measure values 
of unknown resistance A sensitive current meter, usually a 0-1 milli- 
ammeter or a microarumeter, is <*ah United ha^ktvanl in ohms. That is, 
maximum o* ms are registered 
at the zero urrent position and 
mmimurn ir zero ohms at the 
maximum current position. Von 
stanl E is maintained by in 
eluding a small low voltage dry 
battery in the circuit The 
battery is customarily mounted 
directly in the meter housing. 

Such a meter is called an ohm- 
meter, and the type just des 
cribed is a series-type uhmmcter 
Since E is kept constant in an 
ohm meter ciicuit, son. provi 
sion must be made to establish 
a nnrtintMH \aluc of R in order 
to safeguard the meter against 
excessive current Fimue 
is a diagram ot a series-type ohmmeter utili/iug a 0 1 utilliamineter 
and a 1 5 \ dry cell. If a S-oilin resistor were being measured across 
( the eircnil terminal T, according to Olmi’s law, the resultant current 
would be 0.5 amp. This current is far in excess of the normal meter 
rating of i ma (0.001 amp), and the overload w mil undo ibtedly seriously * 
damage the instrument. Obviously, the internal resistance of the meter 
circuit must lie increased to a minimum \alue that will 1 cep the maxi¬ 
mum current at the safe \alue of 1 ma. The neeessjiv minimum 
resistance is easily computed as follows. 

The lowed resistance in the external circuit that could be measured 
is, of course, zero ohms (shoit circuit). This condition could be simulated 
by short-circuiting the terminals T in the diagram m Fig. 30(a). Then, 
by Ohm’s law, with E fixed at I 5 v and i fixed at 1 ma, 



m <b) 

Kic 30 hunrlHiiMMiliil (in iiiI*i lor soruwtype 

olmunott'is 


R - 


1.5 

0.001 


(«n 


1,500 ohms. 
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The necessary internal resistance of the circuit, therefore, must be 
1,500 ohms, which includes all the internal circuit resistance; allowance 
must be made, however, for the resistance of the meter itself. If the 
instrument in Fig. 36(a) has a resistance of 30 ohms, it will be necessary 
to add a resistance of 1,470 ohms to complete the circuit proi>crly. The 
complete circuit is shown in Fig. 36(b). It is common practice to make R 
variable in order to compensate for the battery resistance as the battery 
deteriorates with age. 

Ohmmetcrs are widely used as radio service instruments and wherever 
absolute precision is not of major importance. They are very flexible 
and easy to operate. The accuracy of a given ohmmeter is limited by the 
degree of accuracy with which the scale divisions 
can be read. For example, the ohmmeter illus¬ 
trated in Fig. 36(b) will show a variation in 
current if a resistance as low as 1 ohm is con¬ 
nected across the terminals. The instrument, 
for this condition, will indicate slightly less 
than maximum curienf. Whether oi not this 
difference in current can Ik* accurately read 
will depend upon how large the meter scale is. 

It is not feasible to construct a meter scale 
beyond a certain practical size. The range of 
an ohmmeter can he extended in either direc¬ 
tion, however, verysimpK. If, for example, it 
is desired to i nr ram the range* of the instrument 
in Fig. 36(b) to read It* limes as much must 
anee at any given dial reading, the values of 
E and circuit R arc incieased 10 times. Hy Ohm's law then 



Kiu. 37. Kimilummlii] i n 
cult Jor sluint t jpn nhinint'tci. 


/ 


R 


1 ft 

15,000 


0.001 amp. 


f62) 


which is the proper current limit for the instrument used. 

It is often convenient to deemm the resistance langc of au ohmmeter. 
An ohmmeter having a range from zero to 300 ohms would have much 
more easily readable scale divisions. Thus, a resistance of l ohm could 
easily be distinguished oil such a meter. For this purpose 1 , a shunt is 
inserted in the ohmmeter operating on the same principle as the shunt 
utilized in ammeter circuits. Figure 37 illustrates a typical Shunt-type 
ohmmeter circuit. Observe that the resistance to lie measured is shunted 
directly across the meter terminals. The principle of operation is clearly 
another application of the current rule for parallel circuits. With a very 
high value of unkuown resistance or open circuit, very little or no current 
flows through the unknown external resistance. Therefore, a large part 
of the circuit current, or all of it, must flow through the meter circuit. 
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Conversely, with a very low value of unknown resistance, a large portion 
of the current flow s through the external resistor and very little through 
the meter. Obviously, the ohms scale in a shunt-ty}>c meter is calibrated 
in the reverse direction from the series-type instrument, that is, maximum 
current through the meter indicates maximum resistance in the external 
circuit and vice versa It should be noted that the meter is always in 
the circuit, so that, wh* iher an external resistor is connected or not, 
current will flow ihomch the meter. Therefore, a switch is provided to 
0 |>cn the circuit wh.n the instrument is not in use. 

Comparison Method. The vain* nf an u.ik uiwn resistance may easily 
be detcrr ined by comparing it with a known \alu< *f resistance (see 
Fig. !1S) R is an accurately uilibratcd 
variable lemstor, ana ft* is the unknown 
resistance to be measured. The ..witch is 
connected to the ft, side of the ej'euit, 
and the current reading of the ammeter 
is noted. Switching to the R side of the 
circuit, R is varied until the ammeter 
indicates the same current reading. The 
two resistances are then equal in value, 
and the value of the unknown resistor 
can be read directly from the calibrated 

. ' Ku,. 3S. Mi'usunujr insist tincii 

"‘ Slhl,,r R - . tlm .oiup^rmnn 

'Fliis mciliod of o MMiriog is usuallv 
restricted to laboratories, since it entails (lie use of accurately calibrated 
resistors with a high degree of precision. 

Wheatstone-Bridge Method. The Wheatstone bridge far surpasses any 
other resvitinice measuring instrument in nmirarv. It is a favorite 
labor it oi ( \ instrument and is used wherever accuracy is of primary 
importance. 

The voltage rule for series circuits states that the voltage across any 
part oi a series circuit is directly proportional to the resistance of that 
part of the circuit, hi Fig. *i!)(a), therefore. 



K, It, 




In Fig ,‘W(h) we have added another series leg of two resistors to the 
circuit, making a series parallel combination, and across the points .4 
and IJ we have connected a \cr\ sensitive current meter. For the lower 
leg of this circuit, the series rule holds, and 


Ki ft, 

E x ft/ 


((54) 


If the values of tho resistors are such that no current flows through the 
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current meter, it is evident that no difference of potential exists between 
points A and B. For this condition, wc can Ray E l = E 3 and E % = 

It follows, then, that w w 

"I ■ h. (05) 

JL E, 



- . tv wvyi- 

Fs 

AAA/S/yft 

-'vvyw-1 

R, 

!) 

E* 1 

_/Vv\AAA—— 

Ri 1 

-i 

? 

.1_ 


Substituting in Eq. (0.7) the equal \allies for these expressions given 
in Eqs. (OH) and (04), we have 

k * 

and, by Iho inutluMimtical law* of ratio and piopoiiinn (('ha|>. II), 

Hi 

/>, /?,’ 

If, in Fig. 30(h), the \allies of Vf, and R z are known and a calibrated 
variable renin!ance is inserted in place of R v can readily ascertain 

the value of an unknown resistance jn- 
i sorted in place of lf 2 . This circuit in 

1' 1 shown in the customary diaihond-nhapcd 

—^ diagram of the Wheatstone bridge in 

Fig. 40. Equation (07) is rearranged for 
j Ij this circuit as follows: 

7f T R, 

I- 1 |,| -1 W, t ? 4 (W ° 

Fki. 40. \\ In .listing IhuIkim in mt Tlic measurement in performed by 

inserting the unknown resistance across 
the j Hj terminals (Fig. 40). R % is then varied until no current flow 
is indicated by#4he meter. Zero current in thin leg indicates that tlic bridge 
is balanced, that is, the voltages art* iti proportion, and Eq. (GK) holds 
true. The fixed \ allies of If, and R% and the \alue of J? 4 as indicated by 
the calibration are substituted in Eq. (0S), which is solved for Rj as 
follows: .. u 

R. "l*«. (») 
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Equation (69) is the conventional equation for the Wheatstone bridge. 
The meter used in this instrument is a very sensitive type of current 
meter known as a galvanometer. The normal zero-current position of a 
galvanometer needle is the center of the scale. The galvanometer is 
capable of indicating a flow of cumuit in either direction. 


VOLTAGE-DIVIDER i'IRCrJTN 

Almost all types of radio equipment require more than one value of 
d-o voltage for projwr operation \ reoo'\u\ for example, may require 



I i< -II V 1vfiii.nli li \ ulc i i n r in I 


130 v to supply the plate eiTcmts nf i i tubes -30 v for the output-stage 
plate cheuit, and still other values foi screen-grid and bias circuits. 
Naturally, il would he* poor economy to incorporate separate voltage 
sources for each separate need in a given piece of apparatus. One power 
supply is usually adequate, except for certain special cir< nits. 

The power supply for a typical receiver circuit is dc-m'iod to deliver 
the highest voltage required by any of the re(*ei\ci circuits. The lower 
voltages arc procured from the same source by means of a special resist¬ 
ance network called a voltage divider. A diagram of a typical voltage- 
divider circuit is shown in Fig. 41. This particular voltage divider has 
been designed to supply power to three load circuits at different voltages: 
20 ma at 200 v, 13 ina at 130 v, and 3 ma at 123 v. 

The first stop in designing such a circuit is to provide a source of power 
that will furnish the highest voltage and fche total current required. The 
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highest voltage in this circuit is 200 v. We shall assume that our power 
supply is capable of delivering 200 v at a current drain of 45 ma. Note 
that an extra 5-ma current has been allowed. This extra current is to 
provide the bleeder ' 5 current, about which more will be said later. 

Since the power supply delivers 200 v, it can be directly connected 
across load 1. The next lower voltage, 150 v, is required bv load 2. The 
necessary drop in voltage is obtained by inserting the resistor R x in the 
circuit, and the value of R x is computed by application of Kirchhoff’s 
and Ohm's laws. At point .1 according to Kirchhoff’s law, there is as 
much current llowing from A as there' is Mowing to it. We have 45 ma 
flowing to it from the power source; 20 ma is flowing away from A 
through load 1. Therefore, the remaining 25 ma must flow away from 
point -1 through the resistor R v This current value can be checked by 
adding the remaining load currents: 15 ma (load 2), 5 ma (load 11), and 
5 ma (bleeder load), all of which must, of course, flow through R x . Since 
the desired voltage drop across R x is 50 \, the required value of R x is 

E 50 

R x J w * 2,000 ohms. (70) 

1 I 0.025 1 1 

At point /f, we have 25 ma of current flowing to point li through R x 
and 15 ma flowing away from !i through load 2. Consequently, the 
remaining 10 ma must flow awav from R through R, R> idesigned to 
drop the voltage from 150 v to 125 v for load 5, a difleience ol 25 v. 
Therefore, 

E 25 

Ro nikI 2,500 oliins. (71) 

At point (\ we have 10 ma flowing to f 1 through R<> and 5 nni flowing 
aimy from (* through load 2. The remaining 5 ma must IloW away from 
C through R s . Since the remaining voltage differential between points 
C and D is 125 \ , R% will be 

E l h> 5 

R , 25.000 oil ins (72) 

1 / 0.005 ' 1 

The question might reasonably be raised : Why is R. x required in the 
circuit at all' The necessary voltr.ge differentials have been obtained 
through resistors /f, and R„. Wliy waste 5 ina of eurrenl through R A { 

Actually*, the 5 urn, or leakage current, flowing through R ti serves a 
very useful purpose. If the bleeder resistor, as R A is called, were omitted 
from the circuit, it is true that the other two resistors would provide the 
necessary voltage drops very nicely, prondal the load remained ewentially 
constant. However, this condition is more often not true of radio equip¬ 
ment. Let us see w’hat hapj>ens with no bleeder in the circuit when the 
load varies. 

With R$ out of the circuit, R x would cany 20 nut and R 2 would carry 
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5 ma. The necessary value® of /? 3 and R 2 would then be computed an 
follows : 

« 50 

Ri ooa *- 2,500 ohms, (73) 

and 




25 

0.005 


5,000 ohniH. 


(74) 


Now suppose that Jo current drawn by load 3 is suddenly increased 
1 ma and that the other loads continue 1( draw the same current. An 
addition** 1 current of I nm tliroiij h the resistors B l ai \ lt 2 will result in 
an addi mnal voltage dmp of 

0 001(2,500 , 5,000) 7.5 v, (75) 

thus reducing the voltage on load IMo 117.5 v. Usually such a voltage 
drop would be very undesirable 

Similarly, a decrease in load current will cause an increase in voltage 
with comparable harmful effects. 

IiCt us now consider the same condition with the bleeder resistor 
in the circuit. As before, the necessary resistor values for this case are 
ifj 2,000 ohms. 7i\ - 2,500 ohms, uurl /? 3 25,000 ohms. If the 

curivnt drawn h\ load 3 increases l jna, 1 lie total current fnrnislied by 
the [inwer MippJv will no* increase* I in a because the current drawn by 
will dccicano. K e de-umate the current through the resistor i? 8 by 
/ 3 , that through i/ 2 »>\ / 2 , and so on, we may wt up the relations 


IA 1 'A IA i (76) 

/., /, i 0.000. (77) 

J L 1 £ i 0.015. (78) 

Substituting the value of / 2 deii\ed in Eq. (77), 

/ 3 7 j i O.OOti | 0.015 /., i 0,021. (70) 

Substituting in Kcj. (70) the values of ], and /, derived in Kfjjs. (77) and 
(70), Eij. (70) becomes 

(y 3 i 0.021)/?! (/., 0.0U(>)/? 2 | IA\~ 200. (80) 


Solving for / 3 


or 


and 


200 - (0.021)/?,- (0.000)/?, 

/a /?, » /? 2 7 ? rf 

200 -(0.021)2,000- (0.000)2,500 
1{i ‘ 2.000 H 2 500 | 25,000 

143 

/, - D.004&5 aunt = 4.85 ma. 

3 29,500 


( 81 ) 

( 82 ) 

( 83 ) 
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The voltage across load 3 is then 

/ 3 fl 3 - 121.2 v. (84) 

This is a voltage drop of 3.K v, or approximately lialf the drop which 
occurred when the bleeder was not in the circuit. 

Jt can l>e seen, therefore, that a bleeder acts to stabilize the circuit 
voltage. Although in actual practice the bleeder does not completely 
stabilize the voltage fluctuation with variable loads as bhown above, it 
very materially lessens the effects of such load variations. The larger the 
proportion of total runout that flows through the bleeder, the better 
the regulation which is obtained. It is customary to design voltage- 
divider circuits so that the bleeder current is 10 per cent of the total 
current. 

The power rating for resistors used in voltage dividers can easily be 
computed by applying the power equation to each resistor. The current 
through the resistor in each case should be multiplied by the voltage drop 
across it. Voltage dividers art 1 often manufactured as a single resistor 
with taps at the proper points. With such a unit, the power dissipation 
of the portion consuming the most power should be used as a basis for 
the whole resistor. Of course, proper safety factor allowance should be 
made as described earlier in this ehaptei. 

QUESTIONS AND PROBLEMS* 

1. xf the value of a resistance to whit h a constant emf is applied is halved, 
what will be the resultant proportional power dissipation f 

2. State tlu i three ordinary mathematical forms of Ohm's law 

3. What should be the minimum power-dissipation rating of a resistor of 
20,000 ohms to be connected across a potential of 500 v f 

4. if a relay is designed to operate properly from a (i-volt the source, and 
if the resistance of the winding is 120 ohms, what value of resistance should 
be connected in series with the winding if the relay is to be used with a 120-v 
d-c source ( 

5. A milliiuimioter with a full-scale deflection of 1 mu and a resistance of 
25 ohms was used to measure t&u unknown current by shunting the meter with 
a 4-ohm resistor. It then read 0.4 ma. What was the unknown current value ( 

6. Given a imlliaminctcr of full-scale deflection equal to 1 nm and an internal 
resistance of 50 ohms, what value of additional h«ies resistance must be used 
to permit operation as a voltmeter with u full-scale deflection at 70 v? 

7. Two resistances of 18 and 15 ohms are connected in parallel, in scries 
with this com bin fit ion is connected u 30-ohm resistance, in puralle 1 with this 
total combination is connected a 22-ohm resistance. The total current flowing 
through the combination is 5 am]). What is the current value in the 15-ohm 
resistance ( 

• Thom questions ami problems am taken 1mm the Study Guide for Cnuninema] 

Radio Ojierator tixamiuatum*.” 
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8 . A10,000-ohm 100-w resistor, a 40,000-ohm 50-w resistor, arid a 5,000-ohm 
10-W resistor are <;ounected in parallel. What is the maximum value of total 
current through this parallel combination that will not exceed the wattage 
rating of any of the resistors 1 

8 . Two resistors are connected in scries. The current through these resistors 
is 3 amp. Resistance 1 has a value of 50 ohms, resistance 2 has a voltage 
drop of 50 v across its term: el". What is the total impressed cmf ? 

10. Assume a mute >c< >f 8 ohms m parallel with a resistance of li ohms; in 
series with this eombin -t o>i is a resistance of 77 ohms. Whut is the total resis¬ 
tance of this combination 1 



Chapter V 

BASIC ALTERNATING-CURRENT THEORY 


Thus far only simple unidirectional currents called e ‘direct currents” 
have been discussed. The study of radio, however, is fundamentally the 
study of alternating currents, which is the technical name for currents 
that periodically change their direction in a circuit. Alternating currents 
are appreciably more useful than direct cuuents. It will be seen how 
tliis peculiar characteristic* of periodic current reversals makes such 
currents infinitely more* flexible 1o handle and. as u result, more adaptable 

foi specific applications. Radio itself is but 
one of the mum sciences that owe their 
inception to the application of alternating 
^ currents. 

L Specific ally, an alternating current may 
be (/(jined rrs a cum id that tearses its direc¬ 
tion at itgular interval s (see Fig. 42). The 
alternator is connected to a load which is 
represented by the resistance ll { . If the 
alternating current supplied by the generatoi is of such a nature that it 
reverses its direction twice in each second of time, it is said that this 
alternating current has a fuquency of tiro ryiles per strand. A cycle of 
alternating cut rent rei'cis to the period during which an entire round of 
changes in the current is completed, and the current returns to its original 
state, immediately after returning to its original state the period 
commences to recur, that is, the second cycle begin** 

Figure 4!l is a graphical representation of the run nil in Ihe circuit of 
Fig. 12. The passage of time is indicated from left to right on the <Y axis. 
The amplitude of the current is indicated on the Y axis, the X axis being 
taken as the point of zero current. The amplitude of the cunent in one 
direction is indicated alum the X axis, the amplitude in the opposite 
direction is read hi low the X axis. 

The current rises from zero (point J) and continues to rise until the 
point of maximum amplitude (point H) is reached. During this process, 
however, u fraction of a second of time is consumed. For the two-cycle - 
per second current concerned, the time period is l sec as indicated along 
the X axis. During the second J see, the current, although still traveling 
in the same direction, dtcrtautn m amplitude until at the end of \ see 
the amplitude is again ai zero (point f *). During the next J sec, the current 
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rises from zero to maximum amplitude in the opposite direction (point 
])). Tho current then decreases in amplitude until at the end of \ me 
(point E) it is again at zero and the process is ready to recur. At this 
point (point E) an entire cycle has been completed. 

Each cycle is composed of two altemafiom. An alternation is that 
portion of a cycle during which the current rises from zero, passes through 
maximum amplitude, n*. 1 again (hops to zero, traveling in one direction . 


Y 



1 u lit (i k 11 |>1) (if mi dltmidhiiK (uncut of two I'ydos |kt wvuiid. 

Thus, m Fig. 4,‘t, curve A/if 1 represent* one alternation, curve (WE 
represents another, ami so on. It follows, therefore, that there are two 
alternations to every cycle of alternating cm rent. 

The second is taken as the standard electrical unit of time. In the 
above illustration, since two cycles were completed in one second of time, 
the frequency of the current was said to lie two cycle# p*r second. If the 
length of time it takes to complete one cycle is 1/00 sec, as in commercial 
power circuits, the frequency is (50 cycles |>cr second. Since the second 
is the standard unit of electrical time, the “per second’’ can be dispensed 
with, and the frequency of a given current can be expressed simply in 
cycles. Thus, tho current in the circuit of F’ig. 42 is called a “two-cycle 
alternating current." The “per second’’ is understood. 

A person standing on a railroad depot platform could compute the 
length of each car in a train of freight ears passing the platform at a 
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constant rate of speed. This would simply be a matter of counting the 
number of cars which passed the platform in a given jieriod of time. The 
length of each car could then be computed by dividing the speed of the 
train per unit time by the number of cars passing the platform in the 
same unit of time, that is, the frequaw'y of their passing. Thus, if a train 
is moving at a constant speed of 1,000 ft per second and timing it with 
a watch reveals that 10 cars pass the platform in 1 sec, it follows that the 
length of each car is J,000/10, or 100 ft. 

Similarly, the length of one imve of alternating current can be com¬ 
puted. In Fig. 43, a wave length of alternating current is represented 
by the distance from B to F, that is, from one crest to the next crest, 
traveling in the same direction. Of course, inasmuch as the actual dis¬ 
tances arc tlio same, a wave length can also arbitrarily be taken as the 
distance AE, CU, or DH . Since the velocity of an electric current is a 
constant, regardless of the circuit dimensions, the wave length can easily 
be computed as follows when the frequency is known . 


wave length 


300,000,000 in 
frequency 


(j) 


where 300,000,000 in is the metric equivalent of ISO.000 miles. The 
frequency must be expressed in cycles. The wave length obtained will 
be in meters. 

Conversely, the frequency can be computed when the wave length is 
known, since Eq. (1) is a simple linear equation tfiat can be solved for 
any unknown when the remaining two factors are known. Thus, 


frequency 


300,000,000 in 
wave length 


( 2 ) 


PRODUCTION OF AN ALTERNATING ('URRENT 

Generator Action. Ill Chap. I, the laws governing 1 he relation between, 
maguctic and electric fields wore discussed. These laws are 

1. *4 moving electric field crent e* a magnetic field. 

2. A moving magnetic field createx an eh fine field. 

It should he noted that a magnetic field must ho mooing in order to 
create an electric field. Thus, a conductor through which is flowing a 
direct current is surrounded by a magnetic field created by this current 
flow or moving dectric field. Since the current, being direct cirrent, is 
constant in amplitude, however, tho magnetic field created by it does 
•not move. As a result, there is no electric field created by such a magnetie 
field; that is, if a second conductor were placed in lliis magnetic field, 
no current would flow in this conductor, because there is no electric field 
present. At the instant the circuit of the original conductor was closed, 
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the current started rising from zero to maximum amplitude. During the 
small fraction of time it took to do this, the magnetic field was in motion, 
as it expanded Trom nothing to its maximum pattern. Therefore, an 
electric field was created by the moving magnetic field during this time. 
Once the cuiTent has reached maximum amplitude, however, there is no 
longer any variation in amplitude, no resultant waving magnetic field, 
and. consequently, no elc trio field created. Similarly, when the current 
is cut off from smh i ciicuit, the current drops from maximum value to 
zero, and the magnet * field collaoses. In doing so, the resultant motion 
of the magnetic field again creat r an electric field, It can thus be seen 
that a w iny magnetic field resu'ts only when an elei'ric field varies in 
amplitut 1 . One of the principal advantages of ail alternating current 
over a d rect current i* that the alternating current is *onstantly varying 
in amplitude, thereby constantly creating a moving magnetic* field. Any 
conductor placid within the field if a conductor hearing alternating 
current will have n How of current pi moving electric field) induced in it. 
This accounts for the wide adaptability of alternating currents in any 
application utilizing the principle of induction. 

Direct currents arc often made to create moving magnetic fields by 
rapidly interrupting tin* circuit artificially, causing the magnetic field 
alternately to expand to maximum and to collapse to zero and thus 
creating an electric field. Such pulmtliny i lirect currcnU are utilized for 
applications where alternating currents are not leadily available, as in 
automobile radio eqa’pineid In the latter application, a vibrator is 
used to interrupt the direct current obtained from the automobile battery 7 . 
The principle of operation is similar to the old time spark coil. 

The laws governing the relation of magnetic and electric fields received 
their first basic applications in generators and these laws are often 
referred to as the two basic laws governing generator action. 

To induce an electric voltage in a conductor, the primary requisite is 
that the magnetic Held in which it is placed lie moving with res|wet to 
the conductor, and in such a direction that the conductor cuts the magnetic 
lines of force. It lias been determined experimentally lhat the same result 
is obtained if the conductor is moved tlirnugh the magnetic field instead 
of having the magnetic* field moved through the conductor. This principle 
is utilized in the electric generator, whoi* a |M)werful magnetic field is 
maintained at a constant amplitude between two opposite magnetic 
poles. These arc called the “field poles'* cit the generator. A conductor, 
wound about a high jierineability iron core, called the “armature,” is 
rotated by external mechanical means through the region of the 
magnetic field between the pole pieces. An elementary tw’o pole gener¬ 
ator of this type and a grapli of the voltage produced by 7 it are shown 
in Fig. 44. 

Consider the ino\ciiient of a portion of the conductor rotating about 
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the axis 0 from point A to point B in Fig. 44. At point A, the direction 
of motion at that instant is along the lines of force, and, hence, no tines 
of force are cut; that is, zero voltage is induced in the conductor. At 
point B, the conductor is at the jxiint nearest the north pole piece where 
the rate of cutting of magnetic lines is greatest; licncc, the resultant 
induced voltage is maximum at this point. This is represented on the 
graph as the voltage value at point B'. As the portion of conductor 
continues its rotation from point B to point (\ it again passes from the 
position of maximum cutting of the field to no cutting, and the resultant 



Kh.. 1-1. I’nijcn turn of an n-r smovnvo. 

induced vultage again falls to zero as indicated by point ( v on,the graph. 
Moving from V to IK the conductor again moves to a position whore it is 
cutting a maximum number of Lines of force per second and the voltage 
is again at a maximum. Here, however, the conductm moves through 
the held in the opposite direction. The resultant induced voltage, there¬ 
fore, is of opposite polarity, and the current that flows as a result of this 
voltage tlow r s in a direction opposite to that which was caused to how 
during the conductor rotation from 1 to B to Finally, completing 
its revolution the conductor maxes from point D to point A, itfa 
original starting position, and the resultant induced voltage falls off 
to zero. 

The conductor has now completed its movement through th« 360° of 
a circle that comprise one revolution. In so doing, it lias generated one 
complete cycle of alternating voltage. As a result of the induced voltage, 
an alternating current has been caused to flow, which varied in direction 
as the voltage varied in polarity. The cycle of alternating voltage, or 
current, is arbitrarily subdivided into 3130 parts corresponding to the 
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36<r of rotation that produced it. For simplicity, the designation 
“degrees*’ is maintained. This designation, which is called pfrflfff an gle , 
provides a convenient method of referring to the instantaneous value of 
an alternating current at any point throughout the cycle. 

The maximum value of current generated is represented graphically 
by the distance the point B' is above tho zero line. This distance is a 
projection of the line Ph from the generator, since OB represents the 
position of the conductor at the instant of maximum amplitude. The 
amplitude at any i iher instant will be some portion of the maximum 
value represented by OB , the ex*el vale*' detrending upon the position 
of the coii luctor al that instant, lhus, at point E, or ' > , the amplitude 
of the current will lx* proportional to Ihe \alue of the line KF* The 
current value, thereto re, in terms of tire maximum current, will equal 
EFfOB tilings the maximum. (jB, however, is the radius of the circle. 
Since the radius of a given circle is the name at all parts of the circle, 
OB equals OK. and the amplitude at 45 will equal the maximum current 
times KF OE. In the triangle OEF. EFIOE is the trigonometric sine of 
the angle v of 45 . Therefore, the current or voltage value at the phase 
angle of 45 is sin 45 times maximum or )a*ak value. Thus, if the peak 
value or voltage in a given circuit is 155 v, the value at a phase angle of 
45‘ is sin 45 time's 155 0.707 * 155 110 v. The instantaneous value 

of voltage or current at am part of the cycle (any phase angle) can, 
therefore, be found h\ in iftiplymg the maximum value by the Hine of 
the phase* angle. 

Since the graph ol Fig. 44 represents an infinite number of consecutive 
instantaneous values of amplitude, it is actually a projection of the sines 
of all the angles from 0 to 300 . For this reason, it is called a sinn CUTV6, 
or sinusoid, and all alternating currents that vary in this symmetrical 
manner uie called "sinusoidal currents.” 


QUANTITATIVE VALUES OF ALTERNATING CURRENT 

An alternating current is continually vaiung m amplitude. The 
instantaneous value, or the value at any particular instant, can be com¬ 
puted as shown above Which of these many imt-nilaneous values 
should bo used when referring to a given alternating cuirent in a quanti 
tative sense ! It is obvious tint some value must be chosen that is 
representative of the actual work done by the alternating current. Such 
a representative value is necessary in order to apply to alternating 
currents the laws for electric circuits such as Ohm’s law. Kirchhoff’s laws, 
the power equations, and so on. Since these laws already hold true for 
direct currents, the logical solution is to compare the work done by a 
given unit of direct current with 1 lie same amount of work done by a 
certain value of alternating current. The simplest w T ay to accomplish 
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this is to compare the heating effects of the two types of currents, since 
this is one of the few forms of electrical work that is inde]>endent of the 
direction of the flow'. 

In a d-c circuit the power dissipated in the form of heat is equal to 
PR according to the power equation. Tlius, if a current of JO amp flows 
through a circuit having a resistance of 5 ohms, the power dissipated in 
the form of heat in this circuit will equal I0 2 ■ 5, or 500 w. If the current 
value in this circuit is doubled, the lesultant power dissipation will he 
20 a • 5, or 2,000 w. It is apparent then, that the heating effect of a current 
is proportional to the stjuare of the current. In the above illustration, 
doubling the current produced four times as much heat. Similarly, 
tripling the current (increasing it to 110 amp) would produce nine times 
as much heat, represented by 4,500 w of power dissipated in the circuit, 
and so on. This relation of current to power consumed (heat dissipated) 
is known as t he current-square law. 

Average Values. Olfhand, it would perhaps appear that a truly 
representative value of alternating current could be obtained by striking 
an average of the instantaneous values throughout a cycle. Such an 
average value is obtained h\ computing a number of consecutive instan¬ 
taneous values id a current whoso peak, or maximum value, is known 
and then averaging them. Thus, in Fig. 45 the 12 instantaneous values 
at 30 , 00\ 00 , 120 , and so on, aiv computed and averaged for an 
alternating current having a i>eak valui of 100 aiup. The instantaneous 
values ire computed as shown abo\e by multiplying the sine of the 
phase angle in each case by the peak value of 100 amp. The sum of the 
instantaneous values thus found is divided b> their mini her, 12. to obtain 
the average value of approximately 03.0 amp. It follows that the greater 
the number of instantaneous values taken for this calculation,the more 
accurate the result. By dividing 03.0 amp by the peak value of 100 amp, 
a constant (0.030) i* obtained that gives the specific relation between 
peak and average values for all cases. Expressed as formulas, 


art rage value 


jv oltage] 


average I or 


1 current J 



value; 

(») 

[voltage) 
or . 

(currentJ 

(4) 


It has boon determined, however, that the average value of an alter¬ 
nating current thus obtained is not an accurate expression of the effective¬ 
ness of the current. In other words, the 03.0 amp (average value) of 
alternating current docs not have the same heating effect as 03.0 amp of 
direct current, that is, it does not accomplish the same amount of work. 
The average value, therefore, cannot he taken as representative of the 
effectiveness of an alternating current. Nevertheless, the method of 
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computing average values of alternating current as outlined in Eqs. (3) 
and (4) should be remembered, since average values are very useful for 
specific applications to be discussed later in the text. 

Effective Values. A truly representative value of alternating current 
is that value which has the same heating effect as nil equal value of 
direct current. Therefore, this value is directly derived from the current- 
square law, since this law governs the relation between current value and 
resultant heating effect. Vccording to this law. the heating effect variea 
as the wjuare of the cu. rent. An average of the square# of the instantaneous 



I max -- too amp 

Fir, 4") I ti«4 .ml.litmus v<iliins ui .ill urn riling r uncut 


current values is theiofore taken. The instantaneous values are computed 
as formerly. They are then .squared* The sum of these squares is then 
uivided by the number of values taken. Tlie square root of this sum is 
the value of the current thus represented and is called the root mean 
square value, since it is the square roof of the mean (average) of the 
nquantt of the instantaneous values. Inasmuch as this value is an accurate 
representation of the effertiwnefM of an alternating current in accomplish¬ 
ing work, it is referred to ns the effective value. The effective value thus 
obtained for an alternating current has been found to be U.707 times the 
peak value. Expressed ns a formula 

effective value - 0.707 n peak value. (5) 

Conversely, by reversing the calculation. 

peak value 1.414 x effective value, (6) 
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/Volta gcj 

- 0.707 \ peak or 

(current) 

' \ current J 

voltage) 

voltage l 

'peak or 
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current) 

current J 
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The effective value is the value indicated on all voltmeters and am¬ 
meters. In all up plications of alternating currents, values used are effective 
values unless specifically stated otherwise, 'finis, when it is said that 
the ordinary house-lighting circuit operates at llOv, that figure is the 
effective value of the voltage. The peak voltage fur this circuit is 
110 v 1.414, or approximately 155 v. 

It should be noted that components utilized in a e circuits should be 
rated to withstand safely the peak voltages of the circuit. It is standard 
.practice to add a generous safety factor to the peak voltage rating to 
allow for transient surges of \oltage. Thus, in the house-ligliting circuit 
mentioned above, the wire insulation must he able to withstand safely 
the peak voltage of 155 v in addition to possible transient \ oil ages 
considerably higher. 

Frequency. Certain characteristics of alternating currents are known 
to vary with the frequency. Consequently, alternating currents have 
been classified in four broad frequency groups: power frequencies, audio 
frequencies, radio frequencies, and ultiahigh radio frequencies There is 
no sharp dividing line between these groups that is there is no border 
line frequency at which an alternating current whose fi-equencv is being 
changed suddenly loses the characteristics of one group and acquires 
those of the next group. 

Power frequencies ate the frequencies that have been found most 
efficient for the transmission of power (Jenerally speaking, power 
frequencies are very low frequencies. Typical powei frequencies in com¬ 
mon use are 25 c and fto-c frequencies. 

As the frequency of ail alternating current is increased above the 
power frequencies, it outers into the range known as audio frequencies. 
The human ear is sensitive to sound waves which vibrate from 20 or 30 
to 10,000 times per second. Such sound waves can be created by any 
physieal vibration occurring within this range, such as the vibration of 
the human vocal cords. An alternating current can Ire made to cause a 
physical vibration by passing it through certain types of apparatus, 
such as an earphone. In so doing, the current causes a diaphragm (a 
small, thin metal plate) within the earphone to vibrate physically and 
set up sound waves. The frequency of this vibration is exactly equal to 
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the frequency of the alternating current causing it. Jf these vibrations 
fall within the rajige of the human ear (20 to 10,000 times per second), 
the frequency of the alternating current creating them is called an audio 
frequency, since it is capable of setting up audible sound waves under 
these conditions. Any alternating current, therefore, having a frequency 
which falls in the range of 20 to 10 000 e can be called a current of audio 
frequency. The tlieorv m application of somid-cornversion instruments, 
such as the earphone taken up in detail in Hiap. XFV. 

As the frequency of an alternating current is increased beyond the 
Tange of audio frequencies it er eis Ih it portion of the frequency 
spectrum known as radio frequencies. Radio frequem <m {ire those at 
which an altcrnatinr cuirent possesses the property of radiating a 
magnetic field of appreciable energy out into space ai the velocity of 
light. This phenomenon is the basis oJ the science of radio. Since an 
entire chapter is devoted to the thcor of wave propagation in this book, 
the subject will not be enlarged upon at this time. Suffice it to say that 
radio frequencies extend from the higher portion of the a-f band to 
somewhere in the vicinity of light fivquencies. 

The radio frequencies above 30,000.000 e (30 megacycles) are known 
as ultrahigh radio frequencies or ultrahigh frequencies. As the frequency 
is increased above 30 megacycles, the radiated magnetic field begins to 
take on more and more of the properties of light. Ultrahigh frequencies 
cannot be transmitted beyond the line of sight, as can other radio 
frequencies, for example; iiol can they be transmitted through opaque 
substances as can the lower frequencies. This similarity to light fre¬ 
quencies is the primary distinction between ultrahigh and radio 
frequencies 

A-V METERS 

The instiuments used in measuring a c values differ in several respects 
from those* used in d-e measurements. The moving-coil type of moter 
used for d c measurements cannot be used for a c measurements. During 
one alternation of the cycle, current would flow thiough such a meter in 
one direction with a resultant pointer deflection, on the following 
alternation, the current would tlow f through the instrument in the 
opposite direction and the pointer would deflect in tin* opposition direc¬ 
tion. Actually", since the alternations of even an 1 i“ alternating current 
follow each other w'illi extreme rapidity, the net result w'ould be no 
movement of the pointer at all. The natural inertia of the meter pointer 
would prevent it from even getting started in one direction before the 
following alternation tended to draw it in the opposite direction. The 
extent of the total pointer movement of such an instrument would bo a 
slight quivering about the zero mark. 

The A-C Ammeter. There are three main types of a-c ammeters: the 
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rectifier type, the dynamometer type, and the movable-iron type. The 
rectifier-type instrument is n movable-coil permanent-magnet curreut 
meter which has been adapted for use with alternating current by the 
insertion of a rectifier in the meter circuit A rectifier is a device which 



converts alternating current into pulsating direct cm rent. Rectifiers in 
general use are discussed at length in Chap XII 
The rectifiers used in meter cimnls air of the copper o\ide type. 
Despite the fact that copper itself is a \oij good conductor the oxide 
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of copper ini'- found to possess the remarkable characteristic of per¬ 
mitting the flow of current through it m out (fheclion only. Figure 46 
illustrates a t\picul topper oxide rectifier for meters. Commercial copper 
oxide rectifiers are composed of a aeries of copper plates that have been 
oxidized on one side and are connected by alternate lead plates. The 
circuit of a full-rva\e meter rectifier is shown in Fig. 47. On the first 
alternation, the current is allowed to pass by rectifier units 1 and 2 -in 
Fig. 47(a) but is rejected b> units 3 and 4. The current movement 
through the meter is shown from left to right. On the following alterna¬ 
tion, the current is rejected by units 1 and 2 Fig. 47(b)—but is passed 
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by units 8 and 4. The cujTent movement tlirough the meter is still from 
left to right. 

Figure 48 illustrates an alternating current ami the resultant pulsating 
direct current after it has passed through a circuit such as that of Mg. 47. 




(a) 

1<H1. is I ii |ii i ( imr] outpul (in i out 4 m Ml f*t ilmi (ii) VltoiiLdhn^-i'urmiit 

input (Ii) I’iiIihIiiij' dimt i iLiiiMit mil pi i 


it w ill be noted that although the < urreut in Fig. 48(h) is traveling in 
one direction onlj. it is b\ no means constant in amplitude. The peaks 
and wave shapes are still identical with the original alternating current, 
but there are no reversals. When Mien a pulsating direct current is passed 
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tluough a meter, the current value indicated by the meter will be the 
avtruyp value of the alter nutimi eunent. In other word-*, the meter reading 
will be 0.03G times the peak \ alue. Since the value desired is the (Jfcctive 
value, the meter value must be multiplied by 0.707/0.G3G or 1.1 to obtain 
the effective value. 

In fa cl on -constructed rectifier-type meters this correction has alroadv 
been made on the dial calibration, and the effective value may be read 
directly from the meter. If a regular d-e meter is made to serve as an a-c 
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Elongated 


Edge view 


Stationary iron ' 


instrument by adding a rectifier to the circuit, it should be remembered 
that the dial value an read on the meter must be multiplied by the 
correction factor 1.1 to obtain effective value. 

The dynamometer type of ammeter depends for its operation upon the 
repulsion produced between a stationary coil and a movable coil by the 
action of their magnetic 1 fields. A diagram of an elementary dynamo- 
metertvpe ammeter is shown in Fig. 49. The movable coil is mounted 

ou a pivot within the stationary 
lUhs^ if T|\ coil, and the windings of the two 

IV Il *** coils arc connected in scries. 

HI When the movable coil is at 

Elongated Curved Edge view zero position, as illustrated in 

(&) Fig. 49(t), and a current is 

passed through the coils the 

/**- Pointer magnetic fields thus created 

cause xcpcWeut and uttractare 
V H|| forces of such a nature as to 

l| rotate the movable roil about its 

4'ti sJlflk u\js in cittrkwisc din'ction. The 

Stationary iron "^ItJ jjJBw- Movable mon resultant movement to full-scale 
\ rnr deflection is shown m Fig. 49(b). 

^ II The reversals of alternating 

|U_ Rntatuble Jt current do not affect the opera- 

1] tion of this instrument since a 

| reversal of current causes a re- 

^ versal of the magnetic holds of 

^ both roils , t f onsc(|iientlv. the 

Kin. 50. Component of inmuMe , M * ah i 

nuntuiu'Tit st.mtmn ol .ron m„.« "I* 11 ™ 4 ^res 

(l)) V turns iMimtmtm uH> niouiitwl and the meter movemeut con¬ 

tinue in \he same direction. The 
dynamometer t\pe ammeter indicates the effective or root mean square 
value of alternating current. In common with all ammeters, this 
instrument is connected in series with the circuit to be measured. 

The movable-iron type of ammeter depends for its ofieral ion upon a 
principle similar to that of the dynamometer instrument, in this instru¬ 
ment , a small thin triangular plate of soft iron is bent in the nJiu/k 1 of a 
half cylinder, as shown in Fig. 50(a). and is secured to a vertical shaft so 
supported that it can turn frcel> on jewel bearings. Since this is the 
movable part of the instrument, it is called the meter armature. Another 
wedge-shaped, thin iron plate is bent in the shape of a half cylinder and 
mounted concentrically about the armature. (See Fig. 50(b).) This 
latter iron is stationary. This arrangement permits the armature to 
rotate about its axis within the curvature of the stationary iron. The 
entire mechanism is mounted within a coil, as shown in Fig. 51. 


Movable iron 


- Rnl«itab|p 


(b) 

Kin. 50. Component 1 , of inmuMe 
mo\eiiiCTit (it) Cimstiiicturn ol n 
(l)) Vturns rom-oiUru ulK mnuntoil 
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When current flows through the coil on one alternation, both iron 
pieces are magnetized and assume north and south poles. Since the irons 
are parallel, the upper edges of both pieces and the lower edges of both 
pieces will have like polarities. Thus, at a given instant, both upper 
edges could have a north polarity and both lower edges u south polarity. 




Fit. M i\Tian|_i nu i»l til WximI aiic\ mu\ th\o mm \ inns wOnn toil Ntrtfl Ihe hmUuuiift 
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11i« nun h Mo \ ui« is mmuilerl im the |i(untei sh,iit fu) Full sruJe deflnt tiou (h) Zero 
dcflcrtioij 


Since like poles repel each other, the magiktie fields of boil* iiozu> would 
he of such a nature as to cause mutual repulsion between the iron pieces 
at nil pointh. Since the stationary iron is wedge shaped, however, the 
magnetic field will be stronger about the butt or longer side. The resultant 
greater repulsion at this end of the iron causes a movement of the 
armature toward the shorter pointed end of the stationary iron. Because 
the strength ot the magnetic field is a function of the current intensity, 
the movement of the meter aimature is a direct indication of the ampii 
tude of the current in the coil. A pointer attached to the armature shaft 
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movoH over a calibrated dial as the shaft rotates, and the eurrent value 
is read directly from this dial. 

On the following alternation, the current flow through the coil is in 
the opposite direction. The irons within the coil are magnetized in the 
opposite direction. Since the magnetic fields of both irons arc reversed, 
however, the mutual repulsion of like poles continues, and the pointer 
movement is in the same direction as for the first alternation. The 
movable-iron tjpe of ammeter indicates effective values of current. 

The force on the dynamometer-type ammeter is proportional to the 
product of the current strength in one coil and the magnetic field strength 

of the other coil. The force on 
the mmable-iron-type ammeter 
is propoilional to the product of 
one maguclic pole stiength and 
the magnetic field from the other 
pole, fn either case. I he force 
and, hence, the pointer move¬ 
ment are proportional to the 
.s quart of tfie current, \ssume, 
tor example, that an effective 
current of L amp in a given meter 
results in a cucular pointer 
movement nl a . A current of 
2 amp through this instrument will ciiusc a pointei movement of 20 
A current of 3 amp w ill cause a pointer movement of 4r> , and so on The 
calibrated scale on these instruments, consequently, is nonumfonu, and 
the scale divisions aie more crowded on the lower nmphtude end of the 
Hcale. A typical a-e ammeter scale is illustrated in Tig. r>2 Alternating- 
current ammeters of this type are often called current-square meters 
because of the above reasons. 

According to the basic* current law for series circuits, the current is 
the same in all parts of a seiies circuit. For that reason ammeters are 
always connected in series with the circuit w hose current is being measured. 
In ordei to niinimi r /n the disturbance that the internal resistance of a 
meter might create in the circuit, tin resistance of ammeters is always 
kept as low as possible. Consequently ammeter coils an 1 constructed of 
comparatively few turns of win* of relatively large gage. 

Special-Purpose Ammeters. At the extremely high frequencies en 
countered m radio w’ork, it was found that the inherent inductance of the 
moving-coil types of ammeters introduced serious changes hi a circuit. 
Such instruments therefore, runnnt be used to measure accurately currents 
at radio frequencies. A different type of ammeter operating oil the thermal 
principle was designed to fulfill this need. Thermal ammeters are of two 
types, namely, the hot-wire ammeter and the thermocouple ammeter. 
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The hot-wire ammeter depends tor its operation upon the physical 
expansion that occurs in a very fine plat inn m-silver wire when current is 
passed through it. 

A diagram of an elementary hot-wire ammeter is shown in Pig. 53. 
A« ntmnl passes through the wire AIL the heat generated causes the 
wixe to expand. A >ilk 11-. nd S is attached to tlie platinum-silver wire 
and wound around the limn f) with it" other end terminating in a spring. 
When current flowing Plough the wire causes it to expand, the spring 
acting on the silk thread takes up • tie slack, and the movement of the 
thread N ca -.os the drum /> to revo ^e in a clockwise fa- mu \ pointer 



l*n, .Vi I'nniijjlr i ij i lit" 1 1 1 a\ it* .i in molt *i ., noilnlliM h’lii OtfMim 

mum r in n nl , vui rsj ►,miloil UlII -.f.ili ili'lli** I ion 

secured tn hi" revohuio ilium moves over a grad tinted scale calibrated 
m ampeie.i When cmrvn! How is discontinued, the normal contraction 
of the wiie as it cool causes the pointer to mine back to zero position. 

Since only a von, small piece of wire is included in the circuit to be 
measured, the inductive cltect of flu." liistrument is piuctiealh negligible. 
Nevertheless the hotwire an i meter has ,"C\oal di" oh autages. The 
fragility of the lint wire does not permit the instrument to he subjected 
to \oiy rugged use. Thellieinial expulsion eliaiaeteristii o’ the plutimmi- 
silvcr wire causes a Jag in the 1 operation of the mstniiUf nl. Several 
seconds elapse after a current is pa'.sell through l he instrument before 
the pointer registers accural elv In addition. I lie* in-friiment is affected 
In mom temperatures and zero adjustment must be* com*i‘fed often. 
For most applications, the hot wire ammeter has been supeiseded by 
the thormoeoii|>le ammeter 

The thermocouple ammeter depends Jbr Its operation upon the ein p 
produced hv lieatim* dissimilar metal-. It has been found that steel and 
‘*oii"t ant mi, bismuth and antimony, and certain other pairs of dissimilar 
metals will produce a, d c emf when brought into contact and subjected 
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to the effects* of heat. Figure 54 illustrates a thermocouple-ammeter 
circuit. Two dissimilar metals AC and Hi 1 are brought into contact 
with a conducting wire at point Cl When current flows through the 
wire DE, the heat generated al the point C causes an emf to be generated 
by the action of the dissimilar metals AC and HC. This emf is applied 
to the terminal of a sensitive millivolt meter of the permanent -magnet - 
moving-coil ti-c type. The lalter instruineiit operates in its usual manner 
when this emf is applied to it. The scale oft he instrument' of course, is 
graduated in arnpcies. 

The thermocouple ammeter combines the advantage- of the hot wire 
with the accuracy of the d e voltmeter. 

Both thermocouple 1 and hot-wire ammeters ere current sejuare meters, 
since both depend for their operation upon the heating effects of current 

Both instruments indicate effective 
To coil of moving values and ma\ be used for either 
coil instrument f p rp( q or alternating current Be- 

A y cause the inductance and capacitance 

n _ - \/ of these in.-d rum cuts are negligible, 

C T f their operation is indcpendcid of 

l 7 frequency. 

i>.«. ( 54 . I’micipic ui u» ii.mn..™,,.!,. 1116 A ‘ C Voltmeter. Tl.(« a c volt 

meters are clarified in the same way 
as tlr 1 ammeters, that is, rectifier dynamometer, and movable iron 
types. The rectifier-type a c anmietei is coin cited to mil meter use by 
the same method as it?' de prototype; that is, a suitable multiplier 
resistor is inserted in the circuit, and the calibration is changed to read 
volts instead of amperes. Since the principle is identical witbtli.it of the 
d-c voltmeter it need not be reviewed hen*. 

Actually, all insli iiincuts w bother \ oil meters or ammeters, an* < um nt 
mea#uriH(j instrumenls. Aicordnur to the Ohm’s law equation E Hi, 
if the resistance of a circuit is kept conslant the voltage vimcn directly 
as the current. Since 1 lie resistance of an\ given measmino instrument is 
a constant for that instrument regardless of the use lo which it is put 
the eurrent through such an instrument is direclh proporlional lo the 
voltage across it. Since a voltmeter must lx* connected directly across 
the voltage source to he measured, that is, in parallel one of the primary 
prerequisites of a voltmeter is that it be of high internal resistance. A 
low-resistance voltmeter connected directly across a \ oil age source will 
draw ? excessive curreut from the circuit, thereby diverting current from 
its normal course through the load circuit of the network uniter consider 
ation. Therefore, u voltage j’earling obtained with a low-resistance meter 
will not be a true indication of the voltage in such a circuit under normal 
load uouditions. 

When a perm an cut-magnet instrument (such as the d-e or rectifier 
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type) lh utilized as a voltmeter, the resist a nee is increased by the insertion 
uf an external multiplier resistor in scries with the meter internal resist¬ 
ance. This principle was discussed in an earlier chapter. Since the mag* 
netic licld produced by the dyiiamoineter- or movable iron-type instru¬ 
ments is located practically ull in air, it is relatively weak, and such 
instruments are generally h *** sensitive than the permanent magnet tyi>e. 
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11* an inslriimciit of the dynamometer or movable iron type were 
uli)i/cd with a multiplier resist ni to measure \oLtngi\ 1 lie small current 
refilling Ij oin the high meter circuit resistance would he in.suHiciout to 
m inute tin* imtrmncnl. ronsetpicntly, the resistance ot such instruments 
is augmented by increasing liie number of turns in the meter coil instead 
of by adding external resistance. Since the si length of a magnetic field 
is a function of the product of the current times the num'icr of trims in 
the coil, the los-, of magnet jc field earned by Ihc smaller MJienL flow is 
ollset by the increase m magnetic field caused by .i greater number of 
turns. 

In general, therefore rt may be said that voltmeters and ammeters ol 
the dynamometer or mo\able iron type are identical in construction 
except for the fact that voltmeter coils contain many hundreds of turns 
of wire, whereas ammeter mils contain compaiatively few turns. 

The A-C Wattmeter. f l ’he type of watt meter in general uso operate 
on the principle of the dynamometer. The circuit of a ty pieal elemenhtry 
Wattmeter is shown in Kig. *m. Since the power consumed in a circuit is 
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the product of tho voltage and umbrage, Hie circuit combines the volt¬ 
meter and ammeter connections. InaHmucli as the dynamometer principle 
has already been discussed, the circuit of Fie;. o5 should be self-explan¬ 
atory . 

Factually, the power factor must he considered when computing power 
in an a-c circuit. The wattmeter automatically takes into account the 
power factor, which will he discussed in Hiap. IX 

QUESTIONS AM) PROBLEMS* 

L Wlinl single instrument may he used to measure clerlnral resistance' 
Electric power t Electric cumnt / Elcetroinolivc force ? 

2. What is the ratio of peak to effective voltage ' allies oi a sine wave' 

3 . If a il-< vnltmeter is used to measure effect i\c alternating voltages by 
the use of a bridge-type full-wave rectifier of negligible resistance, by what 
factor must the meter readings he multiplier! in older to give corrected leadings ( 

4 . Ily what factor must the \oltage ol an a-c circuit as indicated on the 
scale of an a-c voltmeter, be multiplied in order to obtain the average voltage 
value' 

5. What type of meters may he used to measure i-f ( invents' 

0. A voltmeter is described as having “ 1,000 ohms per volt ' What current 
is required to j roduee full-scale detleetion ' 

7. It 1 wi» voltmeters are i Miner led in set us, how would you be able to 
determine the total drop across both instruments' 

8. If two ammeters are connected in parallel, how may the total current 
through the two meters hi* determined ' 

9. Is the angular scale deflection ol an ammeter of movable iron type 
proportional to the square or the square root of the i uncut, nr merely diiertly 
proportional to the current' 

10. Describe the const met ion and eli.iraeteiislies of a dynamometer-ty pe 
indicu t ing i ust x umci it. 


* These qurslioie unit problems me taten from the b'A X\ Mudv (.mde ha Coimuemcil 
Kwlio Opei at or I’\mi uu.it ions " 



Chapter \ f 

MOTORS \ND GENERATORS 


The study of motors and geiviators is an important phase in the 
treatment of radio coimminicatii a Practically eveic radio station, 
whether tlout aloft, or ashore, utilizes motors or gem utors, or both, 
for some important a* phVation. The teehmeian charged with therrminten- 
anee of a radio station, thereto' nuisf have a working knowledge of 
these machines. Such a working knm lecge can only he predicated upon 
a thorough understanding of the fundamental principles of operation 
involved. No man can hope successfull\ to repair a disabled motor or 
generator unless he liiM umlerstands how it is supposed to operate. In 
addition, if the underlying theory of operation is understood, the tendency 
to abuse or overload a machine is eliminated. Breakdowns are con¬ 
sequently less frequent with a resultant decrease in maintenance overhead. 

Motors and generators are best studied separately. fJenerators may be 
classified in twai broad «li\ m -s a e geneiators and d c generators. Each 
classification may Is j u-tliej subdivided: a e generators are di\ided into 
three general types, namely, tic* revolving held alternator, the revolving- 
armature alternator and llie indudoi ty|K» alternator, and d-e genera¬ 
tor are also divided into three general types, namely, the Hcries-wound 
dynamo, the shunt-v mind dynamo and the compound-wound dynamo. 

Nimihil mnlnrs can also he classified in tw 7 o bioad livisions —a-e 
motors and d-e muter. Kuril of these classification'! is furthri subdivided. 
There art* several general ty pes ol a-e motors, but the one type in general 
list* today is the repulsion induction motor. Therefore, this is the only 
type of a c motor that will he discussed in the chapter. Direct-current 
motors are divided into three types, the series wound motor, the com¬ 
pound wound motor, and the differential compound-wound motor. 

In addition to the various types of motor and grn» aims outlined 
above, there are a number of machines often used in radio stations that 
may loosely be called combinati ms of motors and generators. These 
include motor generators dvnuniotors, and rotary converters. Each *tf 
these machines is discussed in a separate action of this eliaj te»\ 

THE A-< i EES ERA TO It 

Fundamental Theory of Generator Action, The basic theory undoi- 
lying the generation of an alternating current was discussed in (Imp. V. 
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The .student is urged t (j reread this section (page !)X) before continuing 
with the present discussion The electrie current producted b\ tiny type 
of generator discussed here is alivnialnuj current. The basic difference 
between d-c mid a c generators lies in the method nf takimr the cuiTent 
from the machine. In d c machines, the current produced in the windings 
of the armature is alternating current. Jt is eon verted to direct current 
in the process of being collected, or transferred from the armature to 
an external circuit. This process is called commutation. Commutation 
is therefore only employed in d e generators. It is accomplished by 
means of a segmented copper cylinder, or disk, called a commutator. 
Commutation is discussed furthei in the section on d c generators. 

In a c generator*. conmnitalion is not employed .it all. The alternating 
current generated is traiiMterred direct I\ to the external circuit. When 
the generated current is produced in a revoking armature, it is trails 
ferred by means of collector rings, or slip rings. Slip rings are simply 
solid copper or brass cylinders, or disks, mounted on the same shaft as 
the armature of the machine. The all mulling uirrcnt is collected from 
those rings h\ means of brushes which maintain coni net w ith the revolving 
slip rings through the action of springs. 

The Revolving-armature Alternator. Then* are. in general, two 
major parts to any generator the armature and the field The armature 
is that portion of a generator in which the emf is induced. The field is 
that portion of a generator thal provides the magnetic field The genera¬ 
tion of an emf in the armature is due to I he lines of forte of the magnetic 
field cutting the conductors of the armature Since this is an application 
of the basic laws tor geneiator action (f Imps. I and V) an emf is induced 
only when the conduelors of the armature are moving with icspect to 
the lines of torn* of the magnetic field. In the revolving armature alter 
nutor this motion is accomplished b\ pci mil ting the armature In revolve 
between the poles of a powerful electromagnet 

Figure ■’ffi illustrates an element arv revolving armature alternator. 
The urmature is represented by a single turn coil so arranged that it can 
revolve about its axes -LI' when a mechanical ton pie is applied to its 
shaft. In commercial alternators, this coil is wound about an iron core. 
The greater perinea In litv of iron permits a concentiation of I he lines ol 
force through the armature Jesuiting m much gieatei efficiency. In such 
machines, the iron core is referred to as the armature proper. The coil is 
referred to as the armature winding. 

The two ends of the coil in Fig. ,lti arc conueited to *lip rings that aie 
insulated from each other and from the armatuie shaft 

A powerful magnetic field is maintained across the area thiough which 
the armature revolves b\ two field yobs marked N and S in Fig. ofi. Kach 
of these poles is wound with a number of turns of wire. The coil about 
the N pole is wound in the opposite direction from the coil about the S 
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pole. The two field eoila are connected in series and coiuiocted to an 
external source of direct current. This is shown as a battery in the 
illustration. In commercial alternators, with their relatively high power 
output, a battery would be a vcrv unsatisfactory source of power for this 
purpo.se. In commercial installations, therefore, a small d-c generator is 
utilized for this purpose, ^uch a generator is called an exciter, shut' it 
furnishes the excitation j ower that creates a magnetic held. 

Since the field eoib an wound in opposite directions, the same direct 
current flowing through both coih will create magnetic fields which are 
opposite in polarity. The left- 
hand pol is a north polo, the 
riglit-hap 1 pole, a somfi pule for 
the condition of Fig. .Hi. As a 
result, the path of the magnetic 
lines of forec is unbroken by the 
gap in which the armature re 
vuivos. The lint's of force travel 
through the rore of one field 
pole, about* the iron housing 
upon which the iiold pules an* 
mounted, through the other field 
pole through the annaum and 
hack to the original bold pole 
Tins is shown by the dotted line | 
in Fig. .Hi. , 

0 

So long as tin* armature is n 

NtatiouaiA. no einf if* induced in . . 

I it.. .il» \n nivnoiit.ilv po\nl\in>r iiPiiiflluro 

its winding, since the magnetic nliornutor 
Held of I he poles is not moving 

n\ itli res|K‘ct to the armature muducloi. VVlien the armature is rotated 
about its axis, however, the armature winding is continually passing 
through tlie lines of force, that is. the magnetic field is noring with respect 
to the cnnductnis of the armature. An emf is therefore induced (an 
electric Held created) in the armature winding. At any mstant, the emf 
present across one horizontal wire of tla* aimature winding is opposite 
in polarity to the emf induced across the other horizontal wire. The two 
emf are therefore additive, and the voltage measured across the slip rings 
(the ends of the single-turn roil) is equal to the sum of the voltages 
induced in the two halves of the winding. 



The generation of a complete cycle of alternating current as the armature 
passes through 360 of rotation has been discussed in ('hap. V and will not 
bo repeated here. The alternating current generated in the winding of 
the armature is passed to the external-load circuit through the brushes 
BJi' in Fig. 56 which maintain contact with the revolving collector rings. 
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Tlie elementary revolving-armature alternator illustrated in Fig. 5rt 
utilizes only two field poles. In commercial alternators, the output of 
the machine is greatly increased by using a number of field poles. The 
field coil windings are mo arranged that alternate poles have the same 
polarity; that is, even other pole is a north pole find the intervening 
poles are south pules. In such a machine the armature is slotted, dividing 
the perimeter into a number of poles railed armature poles. In a given 
multi polar field machine, there are as many armature poles as there are 
field poles. The armature coils are wound in the slots in sueli a manner 
that all the coils are in series. The armature umditnr is therefore essenti¬ 



ally a single continuous wind¬ 
ing. There are as many 
equally spaced taps on the 
armature winding connected 
to the collector rings as there 
air field poles. Alternate tups 
are mimed ed to the same 
ring Figure .77 shows the 
armature arrangement for a 
four pole revoking armature 
altcriuiliu. 

The frequency of the alter¬ 
nating cun cut developed by 
<i revoking armature type al¬ 
ternator depends upon the 
number of field poles and the 


sjieed at which the machine is diiven The exact relation is given by the 


mat hen tat ical e \ pivssinn 


.V • N 

1 


( 1 ) 


where J frequency in cycles pci second, 

*V number offiold poles• 

*V speed of armature in revolutions per minute. 


The application of revoking armature alternators is limited in practice 
to comparatively low power machines, devolving armature alternators 
are seldom encountered in capacities greater than 17 k\-amp. The in 
heront regulation of this type generator is poor for the higher capacities. 
In addition, it is difficult to insulate armature and collector rings economic¬ 
ally for higher voltages. 

The Revolving-field Alternator. The revolving-field alternator nitr¬ 
ates upon the same principle of electromagnetic induction as the revolving 
armature ty r |>e. In the revolving-field type, however, the d-c excited 
field is mounted on a revolving shaft. The armature windings are wound 
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on stationary poles mounted on the generator housing. This type of 
alternator eliminates many of the disadvantages of the revolving-armature 
alternator. The only cmf that is impressed across the collector rings is 
the comparatively low value of d-o exciter voltqgo. The a-c output is 
taken directly from the stationary armature windings. No moving 
contacts enter into the out] ut circuit, and the efficiency of this machine 



r \ 

l*u. r»s Klmiruturt fom pfiliMi<\ol\nip linliJ .ilturimlor. 


i k correspondingly greater. A diagram of .1 four pole revolving-field 
alternator is shown in Fig. oS. 

All modern allcrnators of large capacity are of Hie rcvulv mg field tyjie. 
The Inductor-type Alternator. The inductor-lype alternalor has the 
tremendous advantage of maintaining hotli amnture ml field windings 
stationary. The moving element is an iron rotor (‘ailed the inductor, 
which has a number of teeth or poles rut in its perimeter The relative 
]KJsitions of armature field windings, and inductor arc su-h that as the 
inductor revolves, its poles alternately increase and decrease tin intensity' 
of the magnetic field passing through the armature. 

An element ary inductor alternator is shown in Fig. .">!). It consists or 
a field magnet externally’ excited by a source* of direct current, a stationary 
armature mounted opposite the field magnet, and a number of iron disks, 
or inductors, arranged 011 a shaft to ml ate through the gap between the 
field and armature poles. When a pair of 1 lie iron disks passes through 
the air gaps Ixdween the armature and field poles, the magnetic permea¬ 
bility of this portion of the magnetic circuit is greatly increased. As a 



120 


RADIO TECHNOLOGY 


result, the intensity of the magnetic flux through the entire system is 
greater. As the inductors continue to .revolve, the iron disks pass out of t 
the air gap. The jiermeability of the gap is thereby greatly decreased 
with resultant lessening of the intensity of the magnetic flux throughout 
the system. 

The variation in density of the magnetic field which cuts the armature 
windings results in what amounts to a moving magnetic field. Since, 
according to Lenz’s law (('hap. VII), an induced emf is always in such a 
direction as to oppose the chanyt that caused it, the resulting current is 



an alternating current, that is when the magnetic field is increasing in 
intensity, the induced current flows in one direction. When it is de<tuning 
in intensity, the induced current flows in the opposite direction. 

The essential feature of the inductoi alternator is that the magnetic 
flux is not alternating but undulating in character. With a given magnetic 
flux through the poles therefore, the total number of an nature turns 
required to produce a given voltagi is hnin that which is required iu an 
altematoT having an alternation instead of an undulating flux in its 
field windings. This large armature is one of the chief disadvantages of 
the inductor alternator, since it practically prohibits the use of this typo 
of machine in large capacities. Other defects of the inductcr- alternator 
are enormous magnetic leakage, liea\v oriel's -current losses, poor regula¬ 
tion, and ineffective heat dissipation. 

For the above reasons, inductor alternators have become practically 
obsolete except for certain special applications requiring relatively small 
machines. Nevertheless, inductor alternators at one time found wide 
application in the field of radio telegraphy. Inductor alternators are 
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capable of generating alternating current# of higher frequencies than 
'i other types of alternators. Machines uf this type have been constructed 
capable of generating frequencies us high as 200,000 r. Man}- types of 
spark transmitters utilize inductor alternators that generate flOO-c 
alternating current. Despite the fact that spark transmitters are out¬ 
moded. a great many arr .till in existence, and the student should be 
familiar with the prii*iples of inductor alternators for this reason. 

THE D-C lENEHATOX 

Ftmdatuental Theory o! Generator Action. As previously explained, 
the tunvnt indued m the armature windings of a d-c generator, or 
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dynamo, is alternating current, just as in the armature windings of an 
alternator. The distinction between the two types of machines lies in the 
maimer of taking the current from the armature. In the dynamo, the 
alternating current of the armature is comerted int i direct current by 
the process of roamm/rifimi. 

t'ou\mutut\on in an elementary single-turn armature is illustrated in 
Fig. tin. Tin 1 piocens consists of placing a form of revolv ng switch, called 
the commutator, between the a i mature and the external iircuit. This 
sw T iteh is so arranged that it will reverse tin* connect ions with the external 
circuit at the instant of each reversal of current in the armature. Doni- 
niercial commutators are composed of a number of copper barn, or 
segments, arranged side by side to form a cylinder. The segments arc 
insulated from each other and from the armature shaft upon which they 
are mounted by sheets of mica or other high grade insulating mutenuh 
The commutator of the elementary dynamo illustrated in Fig. <10 has 
but tw o segments. 
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As the single-turn armature winding of Fig. 60 rotates in a clockwise 
direction, the current delivered to the external circuit is shown graphically 
in Fig. 60(f). Ah the armature rotates from its starting position (a) 
through n quarter revolution (90 ) to position (b), the current rises from 
zero to maximum amplitude and flows in the direction indicated by the 
arrows. The current passes to the external circuit through the commu¬ 
tator and its brushes, leaving through segment A and brush A\ and 
returning through brush B' and segment B. As the armature continues 
its rotation through an additional 90 c , the current, although still flowing 
in the same direction, falls from muxirnum amplitude to zero at position 
(c). The current is passed to the external circuit through the same 
commutator segments as during the first 90 rf rotation. 

At the beginning of the second half of the ievolution, the current in 
the armature reverses its direction as indicaled by the arrows in position 
(c). The rotation of the commutator simultaneously reverses the contacts 
between commutator segments and brushes. Segment A is now making 
connection with brush B', and segment Ii is making contact w T ith brush 
A\ The current in the external circuit, therefore, still flows in the same 
direction as during the iirst half of the revolution. As the armature 
rotates through the remaining half revolution, the current rises to 
maximum amplitude again at the 270 J position (d) and falls to zero at 
the 360° position shown at (ej. The armature is now back at the original 
starting position, since position (a) ancl (e) coincide. At this point, the 
contact between commutator segments and brushes is again reversed, 
and another cycle of generation commences coincident with the next 
revolution 

It is at once apparent that the output of a single-turn dynamo such as 
that of Fig. 60 is pulsating. The current not only rises to maximum 
values, but also falls to zero twice durimt each revolution. The ideal 
direct current is a continuous curicnt, that is, one that docs not fluctuate 
in amplitude. Actually, a continuous current is neicr obtained from a 
dynamo. Nevertheless, the ideal is approached by winding the armature 
with a great number of coils instead of with a single turn, as in Fig. 60. 
The coils are so connected to t lie commutator segments that the successive 
coils begin the cycle progressively. Figure 61 is a graph of the output 
current of a multi winding dynamo. As the number of coils in the arma¬ 
ture is increased, the amplitude ol the pulsations decreases so that the 
resultant curve approaches the form of a straight line. Jn commercial 
dynamos, there are u great many coils, and it is possible to coniine the 
amplitude of the pulsations to an exceedingly small value, which is not 
objectionable for most applications. Such a current for all practical 
purposes may be referred to as a eontmuous current. The amount of 
pulsation that in present is generally referred to as commutator ripple. 
In some radio applications, it is necessary to remove even this small 
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ripple. The removal is accomplished by means of inductance-capacitance 
filters of the type described in Chap. XII. 

There are many different types of dynamo armatures, including the 
c/rVA". ring , and drum types. The drum-ty]>e armature is used almost to 
the exclusion of the other tyj>es in tins country. The drum-type armature 
ip comprised basically of a cylindrical core usually drilled with a number 
of longitudinal holes for ventilating and cooling purposes. The windings 
are disposed on the cylindrical surface of tho core, usually in open-type 
longitudinal slots. In contrast to the ring-type armature, in which the 
coils are wound in and out of the ring-shaped core in helical fashion, no 



part of the whirling in the drum armature is permitted to thread through 
the core. 

All armature winding* may be classified in tw r o general types, namely, 
the open coil type and the elused-coil type. Open-coil windings are used 
most generally on a-c machines. Such a winding can be identified by 
sbirling with any conductor and tiaciug progressively through the winding 
until a ‘‘dead end” is filially reached. If a conductor of a closed-coil 
winding is traced, the starting point will always he reached eventually. 
The mine winding, or some submultiple of it will he traversed before 
reaehing the starting point again. Armature winding classifications may 
l>c further subdivided into such types as single and double* layer, lap, 
wave, spiral, and fractional slot. 

The Series-wound Dynamo. Dynamos of the type used in most radio 
work are self-excited dynamos, so (‘ailed because a portion of the direct 
current generated by the dynamo itself is fed back to the field windings 
for excitation. Such generators require no external source of excitation. 
The initial excitation of the field is due to the residual magnetism retained 
h> the iron cores of the field poles. Often, a dynamo loses its residual 
magnetism und will fail to build up an output voltage. In such eases, it 
is necessary to apply a d-c voltage from an external source to the field 
windings to remagnetize tlic field cores. The external voltage can be a 
very small one and need be applied only momentarily" to accomplish the 
remagnetization. 
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When a self-excited dynamo is first turned over, the emf generated in 
the armature by the field on account of its residual magnetism is very 
small. The small output current flowing through the field windings 
increases the magnetic field. This in turn increases the output. The 
action is progressively cumulative, and the generator builds up to fidl 
output voltage in a few seconds. 

There are three methods of connecting Hie field wind bigs in dynamos. 
In the series-wound dynamo, the field windings arc connected in series 
with the output circuit (the armature) The connections of an elementary 
bipolar series-wound dynamo are shown in Fig. 02, where there is one 



Load 

Kin. (>2 Smcs-wound dvnumn 



field winding in each leg of the output circuit. When the circuit is dosed, 
that is, connected to a load, the current developed h\ the annul me 
passes through each field coil as well as Ihe load. Since all the current 
generated by the armature must pass through the field windings, it is 
necessary that these windiugs must ho wound of large wire in order to 
curry the current safely. The neccssaiy field strength is therefore devc 
[oped with comparatively few turns of wire 

A series-wo mid dynamo will furnish current at increased voltau.es as 
the load increases up to a certain point. If sufficient cm rent is drawn 
to overload the machine, the voltage w r ill drop. 

The Shunt-wound Dynamo. In this i \pe of dynamo, the field windings 
are shunted, or paralleled, across the output of the generator. Figure 02 
illustrates the connections of a shunt-wound dynamo. The excitation 
circuit, or field windings, comprise an independent circuit and can be 
thought of as constituting an additional load upon the armature connected 
in parallel with the regular load. The resistance of the field circuit must 
therefore he kept very high in order not to short-circuit the load circuit 
The necessary field strength is built up b\ utilizing many turns id relat 
ively small wire. Consequently, only a small portion of the current 
induced in the armature is absorbed by the field windings Since the 
shunt-wound dynamo is also a self-excited generator, it depends upon 
residual magnetism for its initial field. 
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The shunt-wound dynamo ip characterized by poor voltage regulation. 
There is a certain maximum-load current that a given shunt-wound 
dynamo is capable of suppl ing at constant voltage, but beyond this 
value, the voltage of the generator rapidly decreases as the load increases. 

The Ctompomid-wound Dynamo. The compound-wound dynamo 
amounts to a combination of the series- and shunt-wound machines. It 
possesses some of the characteristics of each type machine and is designed 
to provide automatically better regulation than is possible with either the 
scries or shunt-tvpe generators. 

The compound-wound dynamo is wound with tw T o sets of field coils, 



one set connected m series and the other in parallel with the armature. 
A diagram of a compound wound dynamo ^ shown in Kig. 64. The 
number of turns and relative resistances of the scries and shunt windings 
are so adjusted that the voltage at the output terminals is maintained 
practically constant over a wide range of loads. 

Dynamos aic utilized in many types of radio stations as the source of 
d-c plate voltage for transmitters. Often, in such applications, h-f (r f) 
voltages fioni the transmitter generated by the vacuum tubes are induced 
iu tlie general 01 output leads and find flieir way back to the dynamo 
itself. Such voltages, if high enough, could puncture the insulation of 
armature or field windings in lire machine, but since they are alternating 
voltages, they are usually by-passed to ground by capacitors which are 
installed as protective devices across the brushes of the dynamo. The 
capacitors afford a low resistance path to ground for the undesired h-f 
voltage. The d c output of the dynamo is unaffected by their presence. 

Very often the sparking at the brushes of a dynamo used in a radio 
Ntation causes undesirable interference in radio receivers. If the receiver 
is powered by a dynamo, the ripple component (commutator ripple) of 
the generator output may cause interference. Interference from cither 
^parking at the brushes or ripple component may' usually he eliminated 
hy the insertion of an inductance-capacitance filter having the proper 
circuit constants. Two such filters, each with different component 
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values, are usually necessary to suppress interference from two different 
sources. The design of such filters is discussed at length in Chap. X1T. 

The voltage of a generator, either alternating or direct current, is 
regulated by varying the amount of excitation supplied to the machine. 
Since alternators are always externally excited, variation is accomplished 
in these machines by inserting a rheostat (variable resistor) in series with 
the exciter generator output and the held windings In dynamo cireuits, 
the type of excitation eontrol varies with the type of dynamo. 

The series-wound dynamo voltage output is regulated by a rheostat 
connected in parallel across the series Held winding. As the resistance of 
the rheostat is increased, the amount of current Mowing through it is 
decreased The current Mowing through the Held therefore increases, 
increasing the voltage output of the machine. As the rheostat resistance 
is decreased, the current Mowing through the field winding is decreased, 
resulting in lower voltage output. 

In the shunt-wound dynamo, the power rheostat is inserted in series 
with the armature and the field windings, and the action is the same as 
for externally excited machines. In the compound wound dynamo the 
rheostat is also connected in series with the armature and the shunt 
winding. A rheostat used in this manner to control the output voltage 
of a generator is called a field rheostat. 


THE A-(' MOTOR 

The electric motor finds a multitude of applications in the modern 
radio station. In addition to providing the motive 1 power to turn ovei 
generators of various types, it is lined to drive pumps in transmitting 
tube w'ater-oooling systems, for the operation of air cooled tube Mowers, 
and for mi} number of other important applications. Since the electrical 
distribution systems aboard ships are d c systems, the .1 e motor Muds 
its greatest application in mobile radio stations. At coastal and broad¬ 
casting stations, the source of power is alternating current, and a c 
motors, therefore, are used practically exclusively at lixed radio stations. 

Alternating-current motors may be divided into two general classifica¬ 
tions synchronous and asynchronous (nonsynclironouaj motors. The 
term "synchronous ’ means “in unison." or "in step," and a synchronous 
motor may therefore Ik 1 defined as one that rotates in unison or in step 
with the phase of the alternating current operating it. 

Synchronous motors are especially' suited for high-voltage sot vice and 
are desirable in applications requiring large amounts of power. The 
speed of the synchronous motor depends upon the frequency of the 
alternating current and the number of poles and is independent of other 
factors. If the load becomes too great, the motor falls out of phase and 
will stop. Such motors require an auxiliary power for starting. For 
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low-power applications ami Xor applications where the static load is 
heavy, single phase synchronous motors are usually undesirable. For 
the»> reasons, such motor* find very little application in the radio field 
and will not he discussed further here. 

Asynchronous Motors can he divided into induction motors and com¬ 
mutator motors. The commutator motors can be further divided into 
three types: scries, coni] Kmsa ted. and repulsion type commutator motors. 

The superiority of the re pulsion-type motor to other tjpes soon led 
to its almost exclusi\e use for small-motor applications. For this reason, 
only this t\ pc of a-c motor w ill he discussed in this ehupter. The rcpulsion- 
ty|K* commutator motor is often referred to as the repulsion-induction 
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nmlor a name derived Iroin the fact that the repulsion principle is 
utilized only for Marling the motor. Once started, t lie motor then operates 
as a simple induction motor. 

The Repulsion-induction Motor. The principle underlying the opera¬ 
tion of this type was <lisco\crerl lirst by Klihu Thomson in IKS7 during 
the course of liis experiment* with alternating currents. Thomson found 
that if a closed coil, such as the copper ring in Fit*. <»."», is suspended in 
an a-c held, an emf will he induced in the coil that will bo AO out of 
phase with the inducing llux. Since the ring is a (dosed circuit, current 
How* in the ring, and as a result, another magnetic field i* created by the 
current in the rimr. These two fields are always in such a direction as to 
repel each other. IF the copper ring is so suspended that its plane iH 
oblique to the lines of force, the repulsion of the two fields will cause it 
to turn until its plane is parallel to the lines of force. This principle of 
repulsion is utilized to supply the original torque of starting to a simple 
induction motor. 

The induction motor depends for its ojieration upon a reversing mag¬ 
netic 1 held. Tiie induction principle can best Ikj understood by referring 
to Fig. fio. Tiie two field poles aru so wound that they have opposite 
magnetic polarity at any instant. An armature having a single-turn noil 
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is so mounted between the field poles that it is free to rotate. If the arma¬ 
ture coil is in an obliqu e position between the fields, the magnetic field 
produced by the current induced in the coil will cause the coil to rotate. 
If the coil is not in an oblique position, the forces exerted by the two 
fields will be equal and opposite, and no current will be induced in tbo 
coil. The alternating current causes continuous reversals of the field 
polarities, with the result that magnetic forces are always exerted upon 
the coil and cause it to continue to rotate. 

A simple repulsion motor consists of an armature, a commutator, and 
field poles. The armature is wound in exactly the same manner as is the 
armature 1 of a d-c generator. The brushes are placed about <>0 or 70° 
from the neutral axis and all are connected by heavy short circuiting 

bars. With this arrangement, only the 
coils of the armature that are connected 
with the brushes at any instant form a 
com]dote circuit. Since the brushes are not 
iu the neutral axis, these coils are sure to 
be in an oblique position with respect to 
the field [Miles. The motor can therefore 
always be started, regardless of the position 
of the armature. Once started, such a 
motor, if nothing is done to pit*vent it, 
will increase in speed at no load until the 
armature bursts. This result is pi evented, 
however, by a governor arrangement. When the motor has attained 
speed, the governor operates to short circuit all the armature windings 
usually by means of a necklace arrangement on the commutator facing. 
The motor then runs as a squirrel-cage induction motor, that is, all the 
armature coils are in the circuit and have emf induced in them. Most 
modern motors have an arrangement that lifts the brushes off the com 
mutator w r lien the armature is short circuited, thus prolonging the life 
of both the commutator and the brushes. 

THE D C MOTOR 

There arc three basic ty]M>s of d-e motors: the shunt wound motor, 
the series-wound motor, and the compound-wound motor. A special 
kind of tlie latter type is the differential eompemnd-w ound motor. There 
is no essential difference in the construction of d-c motors and generators: 
the function of the machine is simply reversed. 

Certain jirinciples of operation are very important for the explanation 
of the operation of d-c motors. The useful force on a conductor in a 
magnetic field is proportional to the product of the current in the con¬ 
ductor, the magnetic-field strength, and the cosine of the angle between 
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the direction of motion of the conductor and the direction of the magnetic 
field. The total torque delivered by a motor is proportional to the product 
of the force on each conductor, the number of conductors, and the 
distance from the conductors to the center of rotation of the armature* 
As the conductor rotates in the magnetic field, a back emf is produced, 
which tends to oppose the current in the conductor. This back emf is 
proportional to the velocity of rotation and to the magnetic-field strength, 
and the difference between the a])])lied emf and the back emf determines 
the current in the conductor. In other words, the current in an armature 
winding is equal to the emf from the external source of power minus the 
back emf divided by the resistance of the winding. 

The Shunt-wound Motor. A shunt wound motor is one in wdiieli the 
field coils and the armature are connected in parallel, or shunt, and each 
receives the same applied einf from the external source of power. Tf the 
applied emf is constant, the magnetic-field strength through the armature 
is a constant. The foice on the armature windings is always in the same 
direction because of the commutating aclion, as described for the case 
of the dynamo. 

Starting from rest, the armature will continue to pick up speed until 
the back emf lias reduced the armature current to the point where the 
resulting torque is equal to the torque required by the loud. It can be 
seen that the shunt wound motor will not exceed a certain speed, even 
with no load and no friction in the motor. 'Phis lop speed is the speed at 
which the buck emf is equal to the applied emf and no current flow's in 
the armature 

The shunt-wound motoi is characterized by reasonably constant 
speed for all loads within the cupaciU of the motor. 

The Series-wound Motor. A series wound motor is one in which the 
field coils, consisting ol’relatively few turns of hou\ t > wire, are connected 
in series with the armature of the motor. All the currenl supplied to this 
machine therefore passes through the field coils as well as through the 
armature. 

Series wound motors have comparatively large starting torques, 
liecaiisc at low speeds, when the back end is small, the large armature 
current permits a large current to tlow and. hence, creates a strong 
magnetic field 

Series-wound motors are characterized by relatively poor regulation, 
the motor speed (‘hanging considerably as the load is varied. If a series- 
w r ound motor with small bearing friction is run at no load, its speed will 
continue to increase until its armature bursts from centrifugal force. 
Under the no-load condition, the speed tends to increase to the point 
where the back emf is equal to the applied emf. Since the field is in 
series with the armature, how 7 ever, the reduced armature current also 
means a reduced magnetic field, so that the armature must revolve still 
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faster to produce sufficient back emf, and the process can continue 
indefinitely. 

The Compound*wound Motor. The construction of this motor is very 
similar to that of the com pound-'wound generator. This motor combines 
some of the characteristics of both the shunt-wound and the series- 
wound motors. The series winding gives the motor a strong torque at 
starting, and the shunt winding prevents excessive speed. 

The regulation of the compound-wound motor, however, is not quite 
so good as that of the shunt wound motor. 

The Differential Compound-wound Motor. The field and armature 
connections of this type of motor arc the same as those of the simple 
compound-wound motoi, except that the series and shunt fields are 
wound so that their fields oppose, or buck, each other. The magnetizing 
force of the shunt winding is normally the greater, but as the load on 
the motor increases, the increased series-field current tends to reduce the 
total field strength, which reduces the back emf. The increase m armature 
current necessary to supply the* additional torque is therefore brought 
about by a reduced magnetic field rather than by a reduction in speed. 
The differential compound wound motor may be arranged to operate at 
an almost constant speed for a certain range of load conditions. 

THE MOTOR GENERATOR 

The term motor generator is applied to any combination of an inde 
pendent motor and an independent generator whose shafts are coupled. 
Such units arc usually mounted on a common steel base in older to provide 
secure alignment of the machine bearings. 

Motor generators find a variety of applications in radio stations. They 
are used aboard ships as a convenient means of converting the direct 
current of the ship to alternating current to supply a radio transmitter. 
Such a unit, of course, would consist of a d c motor directly coupled 
w r ith an alternator. The field of the alternator is usually excited directly 
from the d-c mains of the ship 

Motor generators are often used at broadcast or coastal radio stations 
to supply direct current from the alternating current of the city power 
system. Such units consist of a d-c generator driven by an n-c motor 
and are used when it is impractical to rectify the alternating current by 
means of vacuum-tube rectifiers as described in Chap. Xll. As a rule, 
such motor generators are used when the cunent requirements are very 
heavy and vacuum-tube circuits would be relatively inefficient. 

THE DYNAMOTOR 

A d 3 T namotor differs from a motor generator in that the motor arma¬ 
ture and the generator armature arc combined into one, thereby requiring 
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but one field frame. Since the motor and generator armature windings 
are mounted on a single core, the armature reaction due to one winding 
is neutralized by the reaction caused b\ the other winding. Consequently, 
there is little or no tendency for sparking to occur at the brushes. 

Dynamotors arc usually bipolar machines having only shunt windings 
on the field poles. There are two sets of windings on the armature con¬ 
nected with commutators at opposite ends of the shaft. In general, the 
function of the dynamotor in d-c circuits is similar to that of the trans¬ 
former in a-c circuits. Dynamotors arc used to convert d-c power at 
one voltage and current to d c power at a different voltage and current. 
The ratio of output to input voltage, or current, depends upon the 
inherent construction of the dynaiuotor. For a given machine, these 
values are not variable functions. 

Original^, the dynaiuotor was designed as a combination of a d-c 
motor and a dynamo, or d c generator, and its priinan application was 
in d-c circuits. The name dynamotor was thus domed from the applica¬ 
tion. In more remit times, however, this machine was utilized in both 
a c and d o circuits to convert electric power at one voltage and current 
to power at another voltage and current, regardless of whether the input 
and output were alternating or direct current. The name dynaiuotor is 
still applied to such machines Thus, a dummotor can be used to convert 
alternating current at a given voltage to either direct or alternating current 
at a higher or lower value of voltage. Similarly this machine can he used 
to convert direr t cum nt at a gi\cu voltage to cither alternating or direct 
cunent at a higher or lower \alue of voltage. 

The major difference in dynamotors for the various applications out¬ 
lined above lies in the method of foiling and collecting current from the 
armature windings. Thus, a machine used to convert alternating current 
1o alternating current of a different \nltugc value will have slip rings on 
the motor side and also on the generator side. Actually, dynamotors are 
very seldom employed for this purticulai application, since this function 
is much more efficiently performed Irv the transformer. If a dynamotor 
is used to convert direct current to direct current at different voltage and 
current values, the machine will he equipped with com mutators at both 
motor and generator ends. If used to convert direct current to alternating 
current it will have a commutator at the motor end and slip rings ut the 
generator end. 

The dynamotor can be used either to step up or to step down circuit 
voltages, regardless of whether they are alternating or direct voltages. 
This ability depends upon the ratio of the turns of the generator and 
motor armature windings. Thus, u step-up dynamotor will have a greater 
number of turns in the generator armature winding than in the motor 
armature winding. If the machine is a step-down unit, the opposite 
condition will pre\ ail. 
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In general, the dynamotor is distinguished from other types of combin¬ 
ation machines in that a common armature core having two armature 
windings is used. 

THE ROTARY CONI ERTER 

The rotary converter is an important modification of the dynamotor 
and is used wherever it is desired to convert alternating current to direct 
current, or vice vci-sa. The machine has onl> mt armature winding, 
which is common to both the motor and generator ends of the machine. 
Because of this constructional characteristic, the rotary converter cannot 
be used as a means of stepping-up or stepping-down circuit \oltagCN. 

A rotary converter is inherently a reversible machine; that is, if it is 
supplied with direct current at the proper voltage at its commutator 
end, it will run as a d c motor and will deliver alternating current to the 
collector rings. If it is supplied with alternating current at the proper 
voltage at its collector ring end. it will run as a synchronous a c motor 
and will deliver direct current from its commutator end. 

The main advantage 1 of the rotary converter is its low initial cost ns 
compared with either a motor generator or dvnamotor performing the 
same function. Th<‘ dynamotor has two armature windings and is there¬ 
fore more expensive to construct than the rotary converter which has 
only one. The dynamotor, however, is a more efficient machine than tlic 
rotary com erter for the same application. The motor generator, although 
more expensive to construct than either the dvnamotor or the rotary 
converter, is more efficient than either type. 


BROSHES 

Brushes are utilized in almost all types of motors generators, and 
combinations of motors aiul generators and in any tyj>e of machine where 
it is desired to make electrical contact with a revolving surface (food 
brushes are required to have current-carrying capacity sufficient for the 
particular application; they must be good conductors to ensure low’- 
voltage drop and must be constructed of a material that will adapt itself 
to wear, so that close contact will be maintained with the revolving 
surface. 

One of the most commonly used matciiaJs for brushes in motors and 
generators is carbon. Carbon is a comparatively good conductor and, 
being soft, wears easily. This wearing characteristic of carbon causes 
brushes made of this material to wear down soon to the exact shape of 
the commutator with which it is making contact. The good contact that 
results reduces sparking at the brushes and insures minimum electrical 
losses at this point. As the carbon continues to wear, it disintegrates 
in the form of a very fine powder and does not short-circuit adjacent 
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commutator segment# if it lodges in the mica insulation between segments. 
Carbon is used for brushes hi practically all applications where the current 
requirements do not exited 33 amp. Carbon is nut capable of carrying 
currents in excess of 3.“) amp per square inch. 

Id multipolar machines, where the current exceeds 35 amp, brushes 
constructed of copper leaf arc utilized. A number of sheets of copper 
leaf, or foil, are compressed to form a single brush and the edges of the 
leaves arc* brought to bear against the commutator or slip ring surface. 
Owing to the thinness of the individual leaves, such brushes have fairly 
good nearing cjualities and soon near ciown to the sha|>e of the com* 
imitator or slip ring. In addition, these brushes have the advantage of a 
current-carrying capueity in the vicinity of 340 amp |>er sq. in. Com* 
mutntor-ty|)c machines utilizing rop|ier-leaf brushes should be subjected 
to frequent inspection, since minute particles of copper caused by brush 
wear may tind their way into the crevices between adjacent segments. 
Sparking, excessive brush and commutator wear, and other troubles may 
result from this condition. 

CONTROL ('IRCUITS 

Then* are tw'o general ty pes of control circuits used in conjunction 
with motors and geuerutois, namely, starting circuits and protective 
circuits. Actually, every commercial installation combine# some type of 
each of these circuits. All these control circuits are designed to protect 
the machine in question from the harmful effects of improper starting, 
overload, or underload 

Starting circuits ma t \ be divided into two classes, numcly, hand* 
starting circuits and automatic starting circuits. Some sort of starting 
device is absolutely necessary in circuits where the motor has appreciable 
capacity. A motor armature has u low slatic resistance. If an attempt 
is made to start a motor by directly connecting it across the voltage 
source, excessively high current will flow because of the very low armature 
resistance and the absence of hack emf. Such quick starting could result 
in binning out the armature winding. Once the motor has built up speed, 
however, the hack emf built up in the armature safely limits the current 
flow, and the motor can he directly connected across the power mains. 

iSafe starting of motors, including devices utilizing the motor principle 
(dynamotors, rotary converters, and so on), is accomplished by inserting 
a resistance in the line. The value of resistance, of course, varies with 
the type of motor with which it is used. In general, the resistance should 
be of a value that will limit the flow of current in the armature windings 
to a safe value. When the circuit is closed with this resistance in the line, 
the motor will revolve very' slowly because of the limited amount of current 
flowing through the armature. Once the motor is revolving, however, a 
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back einf begins to build up in the armature winding and tends to limit 
the current. The armature is therefore no longer so susceptible to harm 
from higher currents. Accordingly, some of the resistance is cut out. The 
motor then increases its speed, tuid the back emf increases. The resistance 
is taken out of the circuit in progressive steps until finally the motor is 
Gyrating duvet h across the po\m* mains and is running at full sjceed. 

Hand-Starting Apparatus. Ail elementary circuit of a hand-starting 
motor control is shown iu Fig. (>7. The movable lever L is equipped with 
a handle to enable the operator to manipulate it. At the far left-hand 
position, the lever is not making contact with anv of the resistor contact 
positions, ami no current reaches tin* urinalurc. As the lever is moved 
in a clockwise direct ion, the lirst resistor is contacted, thus closing the 


Line 



circuit between armature and power mains. The full resistance of the 
starter is in series with this circuit. As the movement of the lever is 
continued in a clockwise direction, successive sections of tlu* starting 
resistor are cut out of the circuit, until finally, with the motor running 
at full speed, the armature is connected directly across the mains. 

Hand starters are always equipped with mt-voUmjk /Wma* roil, s\ These 
coils are electromagnets connected in series with the motor field and the 
source of excitation. Aboard ships, where the same d c source is applied 
to the armature and the iield. the return circuit of the no-voltage release 
coil is to one hide of the power mains. This electromagnet acts upon the 
iron starter handle and fulfills a double purpose. Once the motor lias 
attained full speed, the field current flowing through the electromagnet 
causes it to hold the starter handle on the full “on" position. If, for any 
reason, the power source is disconnected from the motor, the electro¬ 
magnet is de-energized, and the starter handle is quickly pulled back to 
the open-circuit position. This operation prevents the accidental applica¬ 
tion of full current to the armature after the circuit has been interrupted. 

Care should be exercised in operating a motor hand starter. If the 
starter is moved too quickly, excessive current will flow through the 
armature windings and may burn them out. IT the starter is ojjerated too 
slowly, current may flow through the stinting resistors fur too long a 






MOTORS AND GENERATORS 


136 


lime, and Ibev may burn out. Starting resistors arc designed for tem- 
|>orar a y duty and will not carry heavy current for any appreciable length 
of time. 

Automatic-starting Apparatus. There is a wide variety of automatic- 
starting devices. In general, automatic starters perform the same 
function as hand starters. The difference lies iu the fact that the 
resistors are cul out of the circuit automatically, and the time element 
between the operation of successive contactors is therefore luted. For 
this reason, automatic starters are relatively more efficient than hand 
starters 

In general, automatic starters coils is t of a multi posit ion contact bar 
similar to the lover in a hand starter and operated by n solenoid. The 
operator actuates the mechanism by pushing a button that closes a 
circuit with the solenoid winding. The movable iron core in the solenoid 
is set in motion In the attraction of the magnetic field crcaled by the 
solenoid. A contact bar is fastened to the iron plunger in such a manner 
that, as the plunger moves, a series of contacts connected to the starting 
resistors are successively engaged by the contact bar. In some types of 
automatic starters, the iron plunger moves through a container filled 
witli heavy viscous oil that retards the speed with which the plunger 
moves. Such starters can he adjusted so that the time element may be 
varied from 5 to 20 sec. 

Protective Devices. Protective devices may be classified as overload 
and underload devices. The most common type of overload safety device 
is the fuse, which is so well known and widely used as lo require no 
explanation here. All the overload and underload devices used in con¬ 
nection with starting circuits arc ol’ the type that ojierate to open the 
circuit. For this reason, they are customaiiK called circuit breakers and 
are classified according to function. Thus an overload circuit breaker is 
one that will automat icallv open the circuit if the current value becomes 
too high, and the underload circuit breaker is one that will automatically 
open the circuit if the current value becomes too low. 

An overload circuit breaker consists, basically, of a manually operated 
switch, the contacts of which are in series with the motor control circuit. 
When the switch is closed, it is kept in Ibis position by means of an iron- 
bar latch. The latch is mounted on a pivot so that its opposite end is 
in the field of an electromagnet, which is in series with the control circuit. 
When the switch is closed, therefore, current flows through the electro¬ 
magnet as well as t hrough the mot or-starting circuit. The spacing between 
the iron-bar latch and the electromagnet is adjustable and for normal 
operation is fixed at a ])oint where the normal current flowing through 
the electromagnet is not sufficient to trip the latch. If, for any reason, 
excessive current flows through the circuit, the field of the electromagnet 
increases. As a result, the iron-bar latch is attracted to it, thereby 
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releasing its hold on the switch lever, and a powerful spring immediately 
throws the switch ojien, breaking the circuit. 

The main advantage of an overload circuit breaker is that, unlike a 
fuse, it may bo used over again indefinitely. All that is necessary is to 
rodose the switch by hand, thus restoring the original position of the 
mechanism. A circuit breaker, once having tripped, should never be 
reset until the cause of its tripping has been ascertained and corrected. 

In an underload circuit breaker, an electromagnet acts to hold a 
manually operated switch closed when contact is made. The iron-bar 
switch armature is attracted by the field of the electromagnet against 
the action of a spring. The spring tension is adjusted to a point where 
any decrease in current through the electromagnet will decrease its field 
enough for the spring to overcome its attraction and o]ien the circuit. 

QUESTIONS AND PROBLEMS* 

1. Whut is the purpose of a commutator on a d-c motor f On a d-c gener¬ 
ator ( 

2. if a self-excited d-c generator failed to build up to normal output voltage 
when running at normal speed, what might he the cause, and how could it be 
remedied * 

3 . Why is carlam eonimonly used as a brush material f 

4 . How ilia} the output voltage of u separately excited a-c generator ut 
constant output frequency be varied f 

6. Why arc by-pass condensers often connected across the brashes of a 
high-voltage d-e generator * 

6. What may be the trouble if a motor generator fuds to start when the 
starter button is depressed * 

7. Describe the aetion and list the main characteristics of a shunt-wound 
d-c motor. 

8. What determines the speed of a synchronous motor f 

9 . What is tlie output frequency of .i generator hav iug JO poles and revolving 
at 1,200 rpm * 

10 . How inu> the r-f interference that is often caused bj sparking at the 
brushes of u high-voltage generator be minimized f 

* TIi h ao questions nml problems are taken from the “F.CX 1 . Study Guido ior Commercial 
Kadio Operator Examinations.” 
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INDUCTANCE 


11 was seen in an earlier chapter that an electric current, or a moving 
electric field, produces a magnetic field, Conversely, a magnetic field that is 
moving or changing in intensity produces an electric field, or induced emf. 

When current flows in a conductor, a certain amount of energy is stored 
in the magnetic flcld surrounding the conductor. Whcu the flow of 
current ceases, the energy flows hack into the conductor, and the magnetic 
field is said to collapse. 

HELF-ISHVCTAXCK 

When the rate of current flow in a conductor is changing, the magnetic 
field sunounding the conductor is changing in intensity, and, as a result, 
an emf is induced in the conductor. Lcn/'s law slate*: 

Tin tUctronmUre force pioduced by fhctromagnetic induction m always 
in such a tintefmil that it oppasts the change in tin original electric field 
which pioduced it. 

That is, the induced emf acts m a direction to oppose the change of 
current. The emf so produced is called the back emf of induction, and 
the ability of a circuit to produce such an emf is called the self-inductance 
of the circuit. 

The self inductance. or, simply, inductance, of a given conductor 
depends on its configuration. A piece of wire will have a greater induct- 
ance when wound in the form of a cod than when it is straight because 
a part of the magnetic field of each turn of the coil surrounds the other 
turns. The inductance of a given conductor may also be varied by 
wiryuur the permeability of the medium surrounding it. Thus, if an iron 
core is inserted in a coil, it* self-inductance is increased many times. 
Once the surrounding medium and flic sha|>e and form of a conductor 
are fixed, the inductance is a constant. 

The unit of inductance is the henry, so called in honor of the American 
scientist Joseph Henry because of his many important discoveries in the 
Held of magnetism. A circuit in -said to hare a self-inductance of one henry 
when a current changing at the rate of one ampere per second induces an 
electromotive force of one volt in the circuit . The induced emf in a circuit 
is therefore equal to the inductance of the circuit in henrys multiplied 
by the rate of change of the current in amperes per second. 
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Conversely, the rate of change of current in amperes per second in a 
circuit is equal to the cmf in volts impressed on the circuit divided by 
the inductance iu henrys. 

Assume that an alternating voltage is impressed on a circuit that 

contains self-inductance and 
no resistance. Figure 68 is a 
graph showing the sine wave 
of impressed cmf and the re¬ 
sulting current flow for such a 
circuit. When the cmf is at a 
maximum, the rate of change 
of cTirent is at a maximum. 
Tliis relation is the point of 
greatest sIojjc on the current 
siue wave, which is the point 
at which the current is zero. 
When the ernf is zero, the rate 
of change of cun cut is zero, 
which is the point of maxi¬ 
mum current. Thus, it can be 
seen that the current lay* the voltage by 90 , 01 the voltage hatltt the 
current by IMP. 

Actually, even circuit is made up of both resistance and self inductance, 
so that Fig. 68 represents a 
theoretical condition. When 
resistance is present, the 
voltage across the circuit 
may be divided into two 
parts* a voltage that is 
equal to the product of the 
resistance and the inslan 
tan coins value of current and 
a voltage that is equal to the 
product of the inductance 
and the rah of change of 
current. These two compo¬ 
nents of voltage and their 
sum are shown in Fig. 69. 

Note that the total emf lugs 
the current by some angle Ihut is between 0 and 90°. 

Since the back emf of self-induction is generated only when the current 
through a conductor is varying in amplitude, it is apparent that the flow of 
direct current through an inductive circuit w ill produce no inductive effect, 
that is, no back emf. Since a direct current does not vary in amplitude, 
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the magnetic field produced by it will nut be a rawing field. Never¬ 
theless, there are certain inductive effects connected with direct currents. 
When an inductive d-c circuit is first dosed, the current rises from zero 
to tlic maximum value of the current determined by the resistance of 
the circuit. During the time in which the current is rising, it is, of course, 
varying in amplitude, and a back cmf of self-induction is generated. 
Similarly, when the circuit is openod, the current in falling from maximum 
value to zero is again varying in amplitude. Consequently, a back emf 
of self-induction is again generated. The resultant lag of the current 
behind the voltage accounts for the greater spark across switch contacts 
when such a circuit is ojicned. r ihe lag also accounts for the delay in 
reaching maximum amplitude when the switch is first closed in such a 
circuit. This time delay may be very great in circuits possessing much 
inductance. Thus, in a field circuit of a very large generator, for example, 
the current may take several seconds to reach its final value. After the 
current has readied its final (MjR) value, it remains at this constant 
amplitude for as long as K and H remain constant. During this period, 
the current is mjislant, and there are no inductive effect a whatever, 
that is, no back emf is generated. 

INDUCTIVE REACTANCE 

Reactive and Resistive Opposition. Since the back emf of self-induction 
tends to oppose any change in the amplitude of the current that produces 
it. apparently any current that varies in amplitude encounters consider¬ 
able opposition in an inductive circuit. The peculiar type of opposition 
offered In inductance is cal lor l inductive reactance. Ill order to handle 
inductive reactance quantitatively, the reactance is expressed in ohms 
in common with all other l^pes of opposition to electric-current flow. 
The ohm of reactance should not be confused with the ohm of resistance. 
A resistive ohm is opposition to current flow of the simplest kind and 
docs not affect phase relations in the circuit. The ohm of inductive 
reactance, however, in addil ion to offering opposition to the flow of current, 
has the added effect of displacing the original phase relations of the 
circuit, that is, it causes the current to lag the voltage. 

As the frequency of an alternating current flowing through a conductor 
is increased, the rate of change of current is also increased. Obviously, 
the counter emf produced by this current is increased with the result that 
the inductive reactance of a given conductor increases with an increase 
of frequency. It is plain, therefore, that inductive reactance is a function 
not only of the inductance of the circuit but also of the frequency of the 
current. This relationship is expressed specifically by the mathematical 
formula 

-V/', 


(i) 
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where X L — inductive reactance in oluns; 

7 r - the constant 3.14; 

/ frequency in cycles ; 

L inductance in henrys. 

For most work, an accuracy of two decimal places (b.2H) is sufficient for 
the constant 2tt. 

Problem. If a coil has an inductance of 100 ml), what will its reactance be 
at a frequency of J kc t 

Solution, The given values of the problem are prepared for substitution in 
Eq. (1) by reducing them to the units required 

L 100 mh 0.1 h, 

/ Ike 1,000 c 

Substitul ing in Eq. (1). 

A’, 0.28 ■ 1,000 - 01, (2) 

X 7 028 ohms. (3) 

Inasmuch as inductive reactance varies with the frequency, it is 
apparent that a given coil will have different reactances at different 
frequencies. Since, according to Eq. (1), inductive rcaetanee is directly 
proportional to the frequency, it becomes greater as the frequency becomes 
greater. At radio frequencies, this charnel eristic becomes very important. 
A coil that |>erforms efficiently at low frequencies may have such a 
tremendous reactance value at radio frequencies as to become entirely 
useless for a given purpose. At the ultrahigh radio frequencies, even a 
lineal conductor lias suflicient inductive reactance so that it cannot be 
neglected. This factor requires the utmost consideration iii the layout 
of apparatus at high frequencies. 

The Choke Coil. Since inductive reactance is present only when a 
current of varying amplitude is flowing through a circuit, it oilers opposi¬ 
tion only to alternating currents or to puhating direct currents. Title 
singular behavior of reactive opposition is the result of its opposing any 
cJiange in amplitude of a current rather than simply opposing the flow 
of current. Since an alternating current is continually varying in ampli¬ 
tude, the net result in an a-o inductive circuit is opposition to total flow 
of current. In a theoretical circuit containing only inductance. Ohm’s 
law could be modified for alternating current as follows: 

K-IXl. (4) 

where 1 and E are effective values and X L is expressed in ohms. A 
circuit, therefore, that may present many thousand ohms of inductive 
reactance to an alternating current will present zero reactance to a 
uniform smooth direct current. The direct current will have only the 
normal resistance of the copper wires of the inductive circuit to overcome. 
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This characteristic is utilized in tie wide application of inductanoes 
as choke coils . A choke coil, or, simply, a choke, derives its name from 
its tendency to choke out alternating currents to which it offers high 
reactance. Thus, chokes are used in many places in radio circuits where 
it is desired to prevent the flow of alternating currents without materially 
retarding the flow of direct currents. For such tin application, a coil is 
used that lias a very high reactance at the frequency of the nndcsired 
alternating current. The wire of which the coil is wound is made sufficiently 
heavy so that the resistance it utters to direct currents can be neglected. 

Choke (»oils are often used where it is desired to discriminate between 
alternating currents of different frequencies. For example, a coil wound 
of a few turns of wire with an air core will have so little reactance at 
audio frequencies as to be negligible. Nevertheless, the reactance of this 
same coil at radio frequencies may be many llinusands of ohms. Such 
a coil would serve admirably as an r-f choice in any circuit where it is 
desired to pass audio frequencies with a minimum of attentuation while 
offering high opposition to radio frequencies. 

Impedance. The total opposition to an alternating current offered by 
the combination of inductive reactance and resistance is called impedance. 
In Fig. fifi, the resistance of the circuit is the resistive cmf divided by the 
current; the reactance is the inductive emf divided by the current; 
and the impedance U the total emf divided by the current. The imped¬ 
ance, represented by the letter Z, is mathematically equal to the square 
root of the sum of the resistance squared and the reactance squared. 
This relation is the result of the resistive and reactive emfs being in 
quadrature, oi fiO 4 apart in piiase. The subject of mqicdance is discussed 
further in (’hap. IX. 

M FT UAL JNDUCTANi 'hJ 

Often it is desirable and necessary to utilize two or more inductances 
in a circuit with the same alternating current flowing through each of the 
coils. If the coils are physically far enough apart to prevent interaction 
of their respective magnetic fields, the total inductance of such a series 
circuit may be computed by simply adding the values of individual 
inductance. If they should be in close proximity to each other, however, 
the problem of calculating the effect of the interacting fields upon the total 
inductance arises. Thus, if t w o coils connected in series are in close physical 
proximity to each other and properly oriented one to the other, many of 
the magnetic lines of force of the first coil are bound to cut the wiroB of 
the second coil; and. conversely, a considerable number of the magnetic 
lines of force of the second coil arc bound to cut the turns of the first coil. 

The additional inductive effect created in a circuit by the interaction 
of the magnetic fields of the two coils is called mutual inductance, since 
it is the result of the mutual interaction of the fields of the individual 
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inductances. Jt is plain that mutual inductance ia dependent upon the 
valueH of the individual inductances, since the intensity of the magnetic 
fields is a function of these values and also upon the degree of coupling, 
since obviously the relative positions and proximity of the two coils 
governs the extent of the interaction. The exact relationship is expressed 
mathematically as follows: 

M -- lcv'L } L 2 , ( r >) 

where M mutual inductance in henrys; 
k - coefficient of coupling : 

L l =■ inductance in henrys of one coil; 

inductance in henrys of the other -oil. 

If the coupling between two coils is perfect, that is if all the lines of 
force of one coil link all the turns of the other coil and vice versa, the 



(ft) (h) 

Fiii. 70. Iti'liiliwi of windings in sen ms milin hunr < mints, (a) Sours tutting rmuil 
(b) Perms opposing rm mt 

coefficient of coupling is said to be unity, or 1. If some of the lines of 
force of one coil do hot Jink the other and such is always the case the 
coefficient of coupling will be less than unity. It will he seen, therefore, 
that in actual practice the coefficient of coupling will always take some 
value between 0 and 1. 

When two coils arc so connected that their magnetic fields are of the 
same jKdarilv anil are therefore additive, they are said to be connected 
series-aiding. When they are connected so that their magnetic fields are 
of opposite polarity and therefore buck each other, they are said to be 
conneeted series-opposing. Hence, it will be noted that the connections 
of the coils in a scries circuit must be considered when computing the 
total inductance. The value of total inductance for each case is expressed 
by the following formulas: 

L a -- Ly \ u r 2JIf, (*>) 

L 0 -Ly i £*-2JIf, (7) 

where L n total inductance in henrys in series-aiding circuits; 

L (> — total inductance in henrys in series-opposing circuits; 

L-y -- inductance in henrys of first coil; 
inductance in henrys of second coil; 

M - mutual inductance in henrys in each case. 
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Figure 70(a) illustrates the connection of two coils in a series-aiding 
circuit. A series-opposing Circuit is shown in Fig. 70(b). 

Problem. A 100-j/h anrl a 200coil arc connected scries-aiding. The 
mutual inductance is 50 /di. What is the total inductance' The coefficient 
of coupling 1 

Solution. Tin* total inductance, since the circuit is series-aiding, is found 
by substituting in Formula (0). 

L„ L , , L, \ 2 M. ( 6 ) 

Heducing the given values to heurj , 

L l 100 /di 0.0001 h, 

L 3 200 it )i 0.(K)02 h, 

M 50 p \i 0 00005 h 

Substituting, 

0 0001 i 0 0002 I- (2 ■ 0.00005) (H) 

Multiplying, 

L„ 0 0001 f 0.0002 ! 0 0001 (9) 

Adding, 

L, 0.0004 li, 
nr 

b„ -HK) //h (10) 

Lu ordci to find five coefficient of coupling, Ftp (5) is utilized. Thus, 



M k"\'L l L i 

(B) 

Dividing both sides In 

V /,,/*- 



k M 

V />,/>; 

(U) 

Substituting, 

0 00005 

VO.OOOl • 0 0002 

(12) 

Conveitiug to exponents, 

5 ■ 10 ' 

V2 ■ 10 h 

(13) 

Extracting the root. 

5 • 10 6 
t 1.4-10* 

<H) 

Canceling 

5 • 10 1 
* 1.4 ’ 

(15) 

and 

0.5 

L 14’ 

(1«) 

or 

k 

0.35 coefficient of coupling. 

(17) 
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The effects of inductances in parallel with mutual interaction are in 
general quite complex to calculate. For the most part such calculations 
are unnecessary, since nothing is gained in practical circuits by using two 
inductances in parallel when one smaller inductance can achieve the 
desired result. The inefficiency of connecting two inductances with 
opposing fields in parallel to decrease, the total inductance of a circuit is 
obvious. The mutual inductance of parallel conductors such as are 
encountered in transmission lines is taken up in detail in the chapter 
on antennas. 

The term induction is used when ►speaking of the inductive effects 
between separate circuits. Since the induction of external currents is an 
undesirable condition in most applications, every means must lie utilized 
to keep mutual induction at a minimum. It is apparent that the primary 
preeaution necessary to accomplish this end is to keep the circuit physic¬ 
ally as far removed from the fields of other circuits as possible. It is very 
often impossible to arrange this efficiently, however, and additional steps 
are therefore necessary tu decrease mutual induction. In the compar¬ 
atively cramped space of radio receivers and transmitters, it is often 
necessary to mount certain coils relatively close to one another. In 
general, to minimize the effects of self-induction, such coils are mounted, 
so far as possible, so that the magnetic field of one coil has a minimum 
effect on the other. This arrangement is accomplished by making certain 
that adjacent coils are never mounted with their axes in line. Whenever 
possible, coils should be mounted so tlial their axes are at angles 

to each other. Witli this arrangement, the relative position of one coil 
is such that the magnetic lines of force passing through it from the 
adjacent coil are at a minimum. The field of a given coil can also he 
confined to a small area about the coil by means of shielding If a metal 
shield is so placed that it entirely surrounds a coil, the energy in the 
alternating field of the coil which strikes this shield is consumed in 
inducing currents in the shield. The field is therefore eileitivelj slopped 
at the shield. Aluminum and copper are commonly used for shield con¬ 
struction. Care must be exercised so that a shield is not placed too close 
to the coil that it is shielding; otherwise, the result would be too great 
an absorption of energy from the coil, which might materially affect 
normal circuit ojicratioi). It should be remembered that the effective 
inductance of a shielded coil is less than Die inductance of the coil without 
the shield. 

THE TRANSFORMER 

One of the most useful applications of electromagnetic induction is 
the instrument known as the transformer. A transformer is used to 
transform electric power at one voltage or current value to power at 
another value of voltage and current. 
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Fundamental Principle of the Transformer. In an earlier part of this 
chapter, is was seen how the inductance of a conductor could be greatly 
increased by winding the conductor in the form of a coil. This increase, 
it was observed, was due to the greater amplitude of the batik emf caused 
by the action of the field of oue turn of a coil, generating a back emf not 
only in itself but also in all the other turns of wire adjacent to it. If a 
single piece of w r ire across which an alternating emf is impressed is placed 
in proximity to another piece of wire not cmmccted to the same circuit, 
an emf will similarly be induced in the second wire (see Fig. 71(a)), If 
several additional pieces of wire were alio placed in the field of the 
original wire, as in Fig. 71(b), so that practically all the lines of force 




(a) 

Km 71 



Mutiml Inrlur1nm k i3. 


surround all the wires, it is plain Hint the same emf would be induced in 
all wires, since they are all bring acted upon by the same field. The 
original conductor through which alternating current is flowing is called 
the primary conductor, since it is the original source of the magnetic 
tields. 'Hie other conductor s in w hich ail emf is being induced are ealled 
secondary conductors. Ill Fig. 71(b) there {ire four secondary conductors. 
If the four secondaries are connected in series, the emfs across each of 
them will accumulate. Since all the emfs arc equal and since* there are 
four such emfs in the secondary thus formed, the secondary voltage will 
he four times the primary voltage. 

In practical transformers the conduct 01 ^ of the primary and secondary 
arc wound in the form of coils. All possible means are utilized to make 
the efficiency as high as possible. A high-grade iron core is used to wind 
tho coils about in order to achieve maximum permeability. The secondary 
voltage, as explained above, is a function of the number of turns of wire 
in the primary and secondary coils or windings. Sjiecifically, the secondary 
voltage of any transformer is equal to the primary voltage multiplied by 
ft factor which equals the ratio of secondary turns to primary turns. 




146 


RADIO TECHNOLOGY 


Expressed mathematically, 

n p E v 

* s " 

where n,, nuiulw‘r of turns in primary winding; 

n number of turns in secondary winding; 

E Jt primary voltage; 

A\ secondary voltage. 


;is) 


The ratio >/„///„ is called the turns ratio, since it represents the ratio 
of secondary turns to primary turns, and is represented in m at hem at i cal 
problems by the letter N. Therefore, 


E 

;> 


( 1 «) 


Transformers are classified as step-up or step-down transformers 
according to whether voltage is being stopped up or stepped down by 

them. In both types of 
transformer the primary 
voltage is muftiplird by the 
turns ratio .V in order to 
obtain secondary voltage. 

It might at first appear 
that in some umu countable 
fashion a transformer is a 
creator of electric energy, 
since moie voltage is ob¬ 
tained from the output side 
than is applied to the in¬ 
put side. What is gained 
on the \oltage side, hnwcvei, is compensated for on the current side. 
The drop in current in the secondary of a transformer is inversely pro¬ 
portional to the increase in voltage. Thus, in a loo pei cent efficient 
step-up transformer having a turns ratio of 10, the secondary voltage 
will be 10 times the primary voltage. The secondary current, however, 
will be one tenth of the primary current. The power in both windings, 
neglecting power factor, will be the product of the voltage and current 
ill the winding. The product of the primarv voltage and current will 
equal the product of the secondar\ voltage and current. No power, 
therefore, is created within the transformer itself. As a matter of fact, 
since no transformer is perfect, the power present in the secondary will 
in actual practice always he slightly less than the primary power due to 
losses in the transformer. The current ratio in transformers may be 
expressed by the formula 



js ’2 In I 


( 20 ) 
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( 21 ) 


Combining Eq. (20) with Kq. (JO), we may state that 

v »- A\ /,, 

M, 

In a-e networks, the total opposition of all kinds offered to the flow 
of current is called impedance, as stated earlier. If effective values of 
voltage and current are used, Ohm’s law nun be applied to a-e circuits 
by simply replacing the /?, which represents the total opposition in d-e 
eirmits, by Z, which represents the total opposition to the flow of 
alternating currents. Tims, for a-r circuits. Ohm’s Jaw r becomes 

E IZ . _ (22) 

E 
Z 
E 
l' 


I 

Z 


(23) 

(24) 


Assume a step-up transformer wilh a turns ratio N and with its primary 
connected to a source of alternating current and its secondary connected 
to an inqicdanrc Z . Jty Kq. (21) the secondary voltage would be 

A\ NE„ 

Similaxiv, l>\ Kq. (21) 

L 

x' 


/ 


(3») 

( 2 «) 


By Ohm’s law (Kq. (24)) the appnronl primary iin|*edanee is 

E„ 

l' 


(27) 


Substituting the equivalent values ot A\ and 1 from Kqs. (25) and (26), 
the secondary impedance becomes 



A A, vi. 

4 ^ f 

(28) 


X 


But, from Kq. (27). 

y 

(26) 


K 

Therefore, substituting in 

Eq- ( 2 H), 



Z, X l Z„. 

(30) 

Rearranging. 

i .v. 

CM) 
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The ratio of the secondary lo the apparent primary impedance in a 
transformer is therefore equal to the squaie of Iho turns ratio 
Transformer Losses. All the abo\e formulas are strictly true only 
when the tiansfounei is 100 j>er cent efficient In actual practice no 
tranfefonner is perfectly efficient The efficiency m present da> well 



i'K 71 \ t\}ii il 1 it ul truiMiuthi j \vi i tinnsf mum i [< tuh / } 7 / t Iruwn 

Lifttr it Mitnufa tin m/ ( j ) 


constructed trmsfoimcis howtvu is so gic it (0 r > to 9S pci cent) that 
the fonnulas mi\ lu applied with sufficient auuiacv for technical work 
Tlie eflicicm\ of a transfoiniei in coninion with an\ other work 
performing apparatus is represented by the r itio of output power to 
input power Evpiessed is a foimuli 


eft...cm* <fut|mt 

input power 

Maximum efficient > in Eq (12) would be indicated b\ unity This can 
be conveited to ]»eicentagt by multipl\mg by 100 
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Problem. The output of a certain transformer is 50 w. Core Losses in the 
transformer amount to 0.32 w and the copper loss 0.52 w. What is the efficiency! 


Solution. The input of such a transformer must, of necessity, l>c equal to 
the output plus the losses. Substituting in Eq. (32). 


oi 


efficiency - 


50 

50 | 0.32 | 0.52 


50 

50.84 


- 0.983, 


efficiency 0.983 ■ 100 - 98.3 per cent. 


(33) 

(34) 


If the efficiency of a transformer is known, the voltage and current 
output can be computed for a transformer of known turns ratio when a 
given voltage and current are impressed upon the primary. 

Problem. A step-up transformer with a turns ratio of 5 has an efficiency 
of 98 per cent. What are the vulues of secondary voltage and current when 
100 v at 10 amp is supplied to the primary f 


Solution. 100- 10 l,000w in primary,* that is 



P El 

(35) 


output in watts 

efficient-\ 

0*2) 


input in watts 

tiuhidituting, 

";:r; «• 

(30) 

Therefore, 

sccondci! t \ output 980 w, 

(37) 

and 

100 

(38) 

apparent impedance in primary - -- 10 ohms. 

By Kq. (31). 

,secondary impedance A* 2 ■ 10 250 ohms 

(39) 

By applying the 

power equation (neglecting power factor), wc get 



P PZ. 

(40) 

lleamuiging, 

Ip 

(41) 


‘ Vs* 

and 

/oho 

I J-- 98 ‘imp 

(42) 

From the power equation, 



-7 

(43) 


* Actimlty, the power m an a-c circuit equals E • / ■ power lector l! cun he shown, 
however, that in any transformer the power factor of the primary circuit very nearly equals 
the secondary circuit power factor. In problems of this ty|M*, therefore, power factor can 
be neglected. This is discussed further in Chapter IX. 
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Substituting, 

E +04 v. (44) 

The output values are therefore 4!)4 v and 1.08 amp. 

TJic losses in transformers have been classified into three general 
groups, namely, copper losses, iron losses, and leakage losses. 

Copper loss in a transformer is the loss due to the actual resistance of 
the wire comprising the coils. The power absorbed b\ this loss is equal 
to PR in common with resistance losses in other types of circuits. For 
this reason, it is often called the PR loss m transformers. The power 
expended in overcoming the resistance of the copper wires is dissipated 
in heating the wires and contributes nothing to the useful function of 
the unit as a transformer. 

Iron losses, often called “core losses,” are of two kinds: etlriif-currevt 
loss and hynlwcHb s. Since the Iron that comprises the core of a trans¬ 
former is itself a conductor, it w ill ha\e an emf induced in it just as the 
secondary winding does. The resultant currents that tlow in the core 
from this cause are called eddy currents. Kddv currents dissipule their 
onergv in heating the core. Hysteresis is the name applied to the energy 
expended in the iron core of a transformer b\ reason of molecular friction. 
Nil ice each individual molecule is in fact a minute particle of iron, each 
has h north and south pole just as tin* entire core does. The constant 
reversals of alternating current Honing through the tiuusfornier windings 
cause the polarity of the individual molecules to change continually. In 
addition to their normal motion, the molecules arc therefore subject to 
additional movements as a result of the attractive and repellanl torecs 
of adjacent magnetized molecules. The resultant increase in molecular 
agitation causes countless millions of collisions among molecules The 
energy expended in the form of molecular fiiction is drawn from the 
transformer input source and represents a loss to the circuit. 

The leakage loss in a transformer is a function of the coefficient of 
coupling between priman and secondary and is the loss experienced 
because of the lines of force fiom the primary that never reach the 
secondary. Since these lines of force return to the primary, however, 
leakage loss does not constitute a power loss. In modern transformers, 
the coefficient of coupling approaches unity and leakage loss is very small. 

THE RE LA Y 

The principle of electromagnetic inductance is utilized to great advan¬ 
tage in the instrument known as the relay, which, basically, consists of 
a large number of turns of eopjier wire wound about an iron core. A 
soft-iron armature is mounted on a hinge or pivot in such a maimer that 
when the iron core is magnetized by current flowing through the coil it 
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draws tie armature to it. When the current in turned off the core loses 
its magnetism, and the annalurc is drawn hack to its original position 
by the action of a spring The movement of the armature is utilized to 
close or open contacts in external circuits. A diagram of an elementary 
relay is shown in Fig. 74. 

A coil wound in the manner of the relay coil in Fig. 74 is called a 
solenoid. The strength of the magnetic* poles induced by the solenoid is 
proportional to the product of the number of turns of wire in the coil 
and the current flow ing through 
the coil as long as the iron core 
is not saturated This product 
is designated as the ampere- 
turns of the solenoid. AH other 
conditions being fixed the pull 
exerted cm the relay armature 



i li limit hi \ ke\ iiu> iel.iv 


the ampere turns 
There are main different 
t>pes of relays utilized in radio 
work: overload relavs, under 
load relays, keying rebus, switching relavs time delays relays, and soon. 
Tliev will he discussed in detail as the\ an* encountered throughout the 
text (Joneitilh speaking all types u( relavs operate on the same 
fundamental principle with various modifications. 


QUESTIONS AND PROBLEMS* 

1. Wh.it is the unit of inductance * 

2. What is the inductive* icai tance of n 30-li choke* e nil at UK) e* t 

3. Wh\ may a transfonucr not la* use*el willi direct current f 

4. When two coils, of equal inductance, aie connected ill se*ues with unity 
inefficient of coupling and I heir fields in phase, what is tlu* total iri due tance of 
the two coils ( 

5. 11 a transformer having a turns mtio ot 10 to 1 is vvoikmg into a load 
impedance of 2,<KH) ohms and out of a circuit having an impedance of 15 ohma, 
wiiut value* of resistance niav be e mined ed across the loael to effect an impe*daiice 
inateli * 

6. Define tlie following temis. hysteresis, jicTineability, eddy currents. 

7. What is the ineaiiiiur of ani|M*ie-tiinjs { 

8. Whut factors deteTiuinc* the e'fficiency of n power transformer f 

9. What factors dete*rniinc* the ratios of primary and secondary currents in 
a power transformer * 

10 . What is the total induct mire of two coils, connected in series, but without 
any mutual coupling' 

* Those questions and problems are* taken trom I lit* “ F.C.C. Study (Unde tnr < ‘ominercial 
Radio 0|iemtur KxamumtioiiB.” 
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In an earJier chapter the fundamental conception of ))onitively and 
negatively charged bodies was discussed. It was seen that a positively 
charged body is one that has a deficiency of electrons, thus making the 
prevailing charge of the atom positive. Similarly it was noted that a 
negatively charged body is one having an excess, or surplus, of electrons, 
thus making the prevailing atomic charge negative. When two such 
oppositely charged bodies are connected by means of a conductor, a 
current is caused to flow through the conductor because of the mutual 
n * i + n attraction of the oppositel\ charged 

Direction of tin tr on flow 11 ■ 61 


Conductor 


Body B 

(Q©0 

Vey 


Conventional direction of current flow 


... _- „ . „ atom*. When current Hows in Mich 

, a circuit. H in .said that the current 

[ © ’v flow has been raiiMMi by a differ 

(e@0j Conductor (Ofo*)©) r«rc of potential between the two 
W5/ VeV bodies. Potential, in this sense, 

^ ^ ^ refers to the potential energy per 

unit charge* of a charged body. 
Conventional direction of current flow Wheu a Mllall nmount of ,) mr ^ 

Fii.. 7.i Diftercmi it of pot nut ml bntvwK'ii u v . « , ,, 

ohorRmlbnd.os. H °" h ,lum ,,II( ‘ Mv ♦(> “"Other. 

the energv expended is equal 
to the product of the potential difference and the quantity of 
charge. 

A difference of potential between bodies c.m exist even though the 
bodies in question are not oppositely charged. Thus, in Fig. 7.1, body A 
is a negatively charged body because of the excess huiuIkt of electrons 
contained 111 it. Body It is a normal body in perfect electrical balance, 
that is, the negative charges of its electrons are exactly equal to the 
positiv e charges of its protons Such a body is neither posithenor negative 
and is called a neutral body. Nevertheless, a difference of electrical 
charges, that is, a difference of potential does exist between bodies A and 
B. Consequentlj, if bodies A and B are connected bv a conductor, 
current will flow through the conductor. The convention has always 
been that current flows away from the body with the more positive 
potential toward the body with the more negative potential. Here the 
body B has the more positive charge, and Hie body A the more negative 
charge, so a current is said to flow from B to A, although in actual fact 
negative electricity (electrons) flows from A to B. In computing and 
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designing circuits, it is best to use the standard convention for current 
flow rather than to consider the electron flow. 

Since body B has fewer negative charges than body A, body B may be 
said to be Icm negative than body A, Body B, therefore, may be con¬ 
sidered pom five with respect to body A. This statement does not refer to 
the absolute charge of body B but is simply a statement of the relation 
of the charges between these two bodies. 

This point can perhaps be more clearly understood b\ reference to a 
simple series resistance circuit such as that of Fig. 7(i. If the three 
10-ohm resistors of Fig. 7(5 are connected across a S)()-v source of direct 
current, according to Ohm’s law the current through the circuit is 3 amp. 
Since it is a scries circuit, 3 amp 


of current will flow through all 
three of the resistors. Applying 
Ohm’s law to each of the resistors 
in turn, the voltage drop or differ 
ence of potential across each of the 
resistors is found to be 30 volts. 
According to the battery polarity 
shown in the illustration, point l) 
is positive with respect to any 
other point m the circuit Point 
(' is negalivc with respect to 0 


9Qv 


-eov 


— JO V -><- 


10 V- 


-iu —30 V—M 



Vii. 7h UmIiiIiyr |tol.n ilit's 
points in .i sours circuil 


ilifloront 


b\ 30 v. Nevertheless, point C 
is po*iftv< with respect to point H by 30 v. It is also positive with respect 
to point A by 00 v. Thus it can be seen that the relative charge of any 
point in a circuit is independent of the atomic structure, but it is a 
function of the charges of all other points m that circuit 

The quantity of electrical charge on a conductor depends on the 
potential of the conductor and also on the size, shape, and location of 
the conductor with respect to other material. The ability of a conductor 
to store a charge under a given potential difference is called its capacitance. 


EFFECTS OF CAPACITANCE 

Capacitance in A-C Circuits. If two linear conductors are connected 
to a source of alternating voltage, as shown in Fig. 77(a), they will 
alternately eharge and discharge as the voltage at the source rises and 
falls. At any particular instant, the conductor that is connected to tho 
positive side of the alternator will have a deficiency of electrons, or n 
positive charge, and the conductor that is connected to the negative side 
will have an excess of electrons, or a negative eharge. The charges are 
such that the potential difference lietw r mi the charges is equal to the 
potential difference at the source of voltage. When the voltage source 
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<a) 

Fm 77. (^ipiicitrvo effect of conductor*. 


cnpacitance between conductors 
together. The capacitance is still 
formed in the shape of flat plates 


reverses in direction, the charges re¬ 
verse, and the electrons flow from one 
conductor through the source to the 
other conductor. This results in a 
current flow that may be measured 
with a sensitive ammeter if the con¬ 
ductors arc long enough. 

It can therefore be seen that 
cuiTent may be drawn from an alter¬ 
nating source without actually con¬ 
necting the terminals together. The 
charge will he increased, and, hence, 
the current increased, if the conduc¬ 
tors arc hi ought closer together, as 
shown in Fig. 77(b). Since unlike 
charges attract each other, the prox¬ 
imity of a charge on one conductor 
will attract more charge of opposite 
sign on the other conductor, even 
though the potential difference is the 
same as foi Fig. 77(a). Thus, the 
is increased if they are moved closer 
fuitlier increased if the conductors are 
and brought near each other with the 


faces parallel A device 
consisting of two or more 
such conductors is called a 

capacitor.* 

Figure 78(a) illiistratns a 
capacitor circuit connected 
to a source of alternating 
emf. Figure 79 is a graph 




of a sine wave of the alter fa) 


(b) 


nating emf impressed upon 
the circ uit of Fig. 78(a) 
with the resultant current 
flow. At zero phase angle* 
in Fig. 79 (the start of the 
voltage curve), the exact 
moment the voltage* starts 

* The term ‘‘capacitor” is now 
more generally used than “con¬ 
denser,” which was formerly m 
gen oral tine. 



(C) (d) 

Kn.. 78. (\irrent Mow in a capacitive circuit for a 
-tinpln cycle of impressed alternating end. 
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to rise, a difference of potential exists between the positive terminal of 
the alternator. Fig. 78(a), and the upper plate of the capacitor, because 
the neutral atoms of the upper capacitor plate are actually negative with 
respect to the generator positive terminal. The latter is then made 
deficient in electrons by the actum of the generator, Current, by con¬ 
vention. flows to the upper capacitor plate from the positive alternator 
terminal as indicated by the arrow. 

In a similar manner, current will flow from the lower capacitor plate 
to the negative generator terminal, and the charge on the lower plate 
will he equal and opposite to the charge on the upper plate. Since the 
total charge is always proportional to the potential difference imposed 
by the generator, the charge will change as the generator voltage changes, 



Since, however, a change in charge can be brought about only by a flow 
of current, a current flows when flie applied \oltage is rhnmjiny. and no 
current flows w lien the > oltage is constant. The current flow is a maximum 
when the voltage is zero, because the late of change of a sinusoidally 
mi rying voltage is greatest at this moment. This moment occurs at the 
beginning of the first quarter cycle (from o to SMI ) of Fig. 79 and is 
represented in Fig. 78(a). For the next quarter cycle (from 90 to 180 ) 
the applied emf is decreasing, and the direction ol current is reversed, 
as shown in Fig. 78(b). Dining the next quarter cycle, the emf continues 
to decrease until the maximum negative value is reached, and the current, 
as shown by Fig. 78(c). is in the same direction as in Fig. 78(b). During 
the last quarter cycle, the emf is rising again, and the current again 
flows in the original direction. 

It is apparent that the current in such a purely capacitive circuit 
leads the voltage by 90°. Because all circuits possess resistance, this 
angle of load would never be attained in actual practice. Since 90° lead 
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represents the condition in a theoretical purely capacitive circuit, the 
lead angle in an actual capacitive circuit will always take some value 
between 0 and 90‘. 

Although current in the sense of ordinary conduction current does not 
actually flow between the plates of the capacitor, conduction current 
rfoesflow through ever> other part of the circuit, as it moves to and from 
the capacitor plates.* Kxccpt for the pha.se displacement of 90 L , this 
current through the circuit is identical with that which would flow were 
the circuit closed. For example, if two incandescent lamps w r ere connected 
in series with such a circuit as that shown in Fig. SO, the lamps could be 
made to light to full brilliancy because of the current flowing through 
them, just as they could in a closed circuit. For convenience in referring 



Fn«. Ml. Two uictindesumt 
lumps i miner ted in series 



Fll. Sl < 'uptM ltrlll< I* 111 
.1 ll ( t IK lilt 


to such circuits, therefore, it is often said that alternating currents will 
flow through a capacitor (see footnote below'). 

Since the phenomenon ol capacitance depends upon the charges on 
the plates of a capacitor, capacitance is a function of the size of the 
plate*. The larger the area of the plates, the greater the charge on the 
plates of a capacitor for a given potential and, consequently, the greater the 
capacitance of the capacitor It max be said, therefore that in general fh( 
capacitanci of a caput itor is dimthf pioportinnaf to tht tin ft of the platen. 

Inasmuch as the potential dillerence between given chaiges increases 
as the distance between them decreases, it is appaient that the capacitance 
of a cupacitoi iN also a function of the distance between the plates. 
Specifics I lx. it can l>e said that the capaufauce of a capacitor is inversely 
proportional to the distance bet mm the plaits. 

* Whcnovei the spa<*o intervening between the plates of u lupmitor (nr lictwecn ail 
antenna anil ground) is subjected to a time varying potent ltd difference, this region is 
subjected to u tune-varying elertue held. A time-varying elirtrn held, even though it tie 
in a vacuum where no charge carriers arc present, is flip i quit aimt of an electric curmnt. 
TIuh equivalent electric i*ini« k vi1 is railed MnvwcJTs displacement iiiirent to disfingiush if 
from ordinary conduction < urront, wliic h takes place ui material conduct urn Displacement 
currents arc of rimsitlenihlc import mice m understanding advanced subjects like radiation 
from antennas and piopngation of elect 11 c energy through hollow wave guides. In the 
case oi mi ordinary capacitor, the displacement current that flow« in the region lictwocn 
the plates ih equal m magnitude and phase to the* conduction cuirmit that flows in the 
remainder of the circuit Thus the current is rendered continuous in the series circuit. 
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The unit of capacitance is the farad, named after Michael Faraday, 
the English scientist. A capacitor is said to have a capacitance of one 
farad when a difference of potential of one volt between the platen of the 
condenser will create a charge of one coulomb on the plates. A farad is too 
laigo a unit for convenient practical use, so the microfarad (one millionth 
of a farad, abbreviated //f) is used for radio work as well as the micro- 
microfarad (one millionth of a microfarad, abbreviated pp f). 

Capacitance in D-C Circuits. If a capacitor were connected to a source 
of direct current, as shown in Fig. 81, the action in everv hh\ would lie 
similar to that during the first quarter cycle with an a-c source. [See 
Fig. 78(a).| The current tlow would he great in amplitude at the moment 
the circuit is closed, diminishing ft) zero us the voltage approached the 
ma>imum batten voltage. At this point, however, the battery voltage, 
unlike ail alternating voltage, remains constant. There is no change of 
potential, and the eurrenf remains at zero. If incandescent lamps were 
connected in series with the legs of this circuit, there would be only a 
momentary dicker of light when the circuit was closed and curreut 
flowed for u brief instant. So far as useful applications arc concerned, 
therefore, a capaeitive circuit is an open circuit to direct currents. In 
the phraseology of the art, direct currents cannot pass “through" a 
capacitor 

If the capacitor in Fig. KJ is disconnected from the battery, the atoms 
of the capacitor plates will be found to retain the unbalanced state caused 
by the application of battery voltage In other words, the upper plate 
would have a positive charge, and the lower plate would have a negative 
charge A capacitor m this state is said to have been “charged.” if the 
capacitor [dates are shorted together means of a piece of wire, the 
capacitor will ‘discharge.” The electrons rush from negative to positive 
plate to restore the normal equilibrium of the atoms, which is evidenced 
by a spark when contact is made. 

Theoretically, a perfect capacitor will retain its charge indefinitely. Tn 
practice, however, it is found that no capacitor is perfect, sitice no insu¬ 
lator is perfect. The insulating material between the plates of a capacitor 
is calk'd the dielectric, A charged capacitor loses its charge within a 
slant time (depending upon the capacitance of the capacitor) because 
of the leakage between the plates through the dielectric. 

The amount of charge that a capacitor is capable of assimilating 
depends upon the capacitance of the capacitor and the voltage impressed 
across the [dates. Expressed mathematically, 

Q= CE, N) 

when' Q - charge in coulombs; 

( 1 - capacitance in farads; 

E - potential across C in volts. 
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The amount of work done in charging a capacitor depends upon the 
capacitance of the capacitor and the voltage to which it is charged. This 
relation is expressed as the formula 

W - \CE\ (2) 

where V - capacitance of the capacitor in farads; 

E voltage to which the capacitor is charged in volts; 
ir work accomplished in jouies. 

CAPACITIVE REACTANCE 

Capacitor Losses. A capacitor, like every other electrical instrument, 
is not 100 per cent efficient ; when it is charged, a certain amount of 
energy is consumed in overcoming the inherent losses of the condenser. 
The losses incurred in n capacitor are of several kinds. Dielectric hysteresis 
loss is occasioned by the heat produced in the dielectric of a condenser 
by molecular friction. Brush discharge is a form of loss, which will be 
discussed in detail in (’hap. XV. It is particularly noticeable when the 
edges of capacitor plates are greas\ or soiled. Dielectric absorption 
losses occur when a capacitor sets up an electricfield between it and other 
objects in (‘lose proximity to it. When capacitors are injudiciously 
mounted too dost* to inductances in rf circuits, this loss can assume 
sizable proportions. Because no dielectric material is a perfect insulator, 
then' is also a loss in capacitors due to current leakage between the plates. 

Whenever an emf is required to produee a flow of current in a circuit, 
the circuit is said to offer opposition to the flow r of current. The peculiar 
type of opposition offered by capacitance is called capacitive reactance. 
In common with other forms of opposition to the flow of current, it is 
expressed in ohms. The ohm of capacitive reactance is similar to the 
ohm of inductive reactance, inasmuch as both offer opposition to the 
flow of current in a circuit as well as affect phase displacement. A capaci¬ 
tive circuit, however, tends to cause the current to lead the voltage by 
90°. An inductive circuit tends to (‘ause the current to lag the voltage 
by AO . The displacement effect of a capacitive circuit, therefore, is 180 n 
out of phase w r ith that of an inductive circuit; or. in another w r av of 
stating it. the phase displacement effect of capacitive reactance is exactly 
opposite to inductive reactance. 

An examination of Fig. 79 will disclose that when a capacitor is con¬ 
nected to a source of alternating current, maximum current flows in the 
circuit only at certain periods. These periods ure the beginning of each 
alternation -at 0 and 180 phase angles where the rate of change of emf 
is greatest. Therefore, the greater the frequency, the greater the ampli¬ 
tude of current, because the voltage is changing faster. Since more current 
Hows as the frequency increases, this is equivalent to saying that 
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capacitive reactance varies inversely as the frequency. The mathematical 
formula for capacitive reactance is 


* ' “ 2:r fC' 

where X , - capacitive reactance in ohms; 

7 t - the constant .‘1.14: 

/ frequency in cycles per second; 
( l capacitance in faruds. 


(3) 


Although throughout this discussion a capacitor ha* been represented 
as lm\ing only two plates, this assumption has been made simply to 
facilitate explanation. In actual practice, capacitors art* more often 



Tn s_! \ t v | in ill %riii.ililn (.i]hki1oi tunttsif nf Hnuumulnnif Mttmttw tm mif 

< u , ln\ i 

constructed ot a greater number of plates in order to obtain the greatest 
possible capacity utilizing the smallest space. Commercial capacitors 
are often constructed of dozens ot tinfoil strips arranged in layers with 
wa\ impregnated pupei separating the liners. Alternate lasers are 
connected to common terminals. Class, paper, oil, compressed air, and 
mica aie dieleetiics commonly used iu commercial capacitors. 

A fixed capacitor is one in which the capacitance is a fixed quantity; 
that is, the number or size of the plates, the nature of the dielectric, and 
the sparing between plates cannot be varied. A variable capacitor is 
one that has been purposely constructed so tlmt its capacitance can be 
changed at will. The change is usually accomplished by mounting one 
w>t of plates upon u movable shaft iu such a manner that these plates 
(called rotors) can be rotated, or meshed, between the stationary plates, 
* * hieh are called stators. Figure H2 illustrates the construction of a typical 
commercial capacitor of the variable type. 

u (N \ j 
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Probl em. If a capacitor hay a capacitance of 10 fif t what will its reactance 
be at a frequency of 1 kc l 

Solution. The given values of the problem are prepared for substitution in 
Eq. (3) by reducing them to the unitH required, thus, 

0- 10 /^f = 0.00001 f, 

/- l kc =- 1,000 e. 


y 1 

A, ‘ 2t iff’ 

( 3 ) 

„ 1 

A ' ' fi.28 Ho 3 - 1 ■ JO 

(4) 

y 1 

r 0.0028’ 

(«) 

X, - 15 0 ohms. 

(«) 


It has been shown that direct currents cannot flow through a capacitor. 
High-frequency alternating currents, however, flow in a capacitor circuit 
almost as well as in a closed circuit. C‘onsetjuently, one of the moat 
common applications of capacitors in radio circuits is in cases where it 
is desired to prevent the flow of direct currents while simultaneously 
permitting alternating currents to pass relati\cly unimpeded. For such 
applications, a value of capacitance is chosen which offers a sufficiently 
low capacitive reactance at the frequency of the alternating current it is 
desired to pass. At the mi me lime, core must be taken that the voltage 
rating of the capacitor is sufficiently high to preclude the possibility of 
puncture or breakdown of the capacitor dielectric For this usage, both 
the d-c voltage and tin* a-c voltage of the circuit must be considered, 
since both are being applied to the capacitor plates. 

Capacitors are also used where it is desired to discriminate between 
alternating currents of different frequent-icy. This usage is possible 
because of the fact that the capacitive reactance of v capacitor varies 
inversely with the frequency. Thus, whereas a given capacitor may offer 
a very low’ reactance to a high frequency, the same capacitor may offer 
a reactance of munj thousand* of olinis to 1-f alternating currents. ('apn- 
eitors are often utilized in this maimer in radio receivers where it is 
desired to prevent r-f currents from entering the audio s\ stem of the 
receiver without shunting away au\ of the desired a f euirents. For 
example, a capacitor of O.OO.V/if capacitance is often connected across 
the detector output circuit of a receiver to ground. Such a capacitor 
offers very little reactance to r-f currents, and the laltor are effectively 
grounded through the capacitor and thus prevented from entering the 
following audio stage. The same capacitor, however, offers such a high 
reactance to a-f currents that the flow’ of such currents through the 
capacitor to ground is negligible. Almost all the a-f currents are permitted 
to enter the following audio stage. 



CAPACITANCE 


161 


A combination of inductance and capacitance when properly connected 
in a circuit presents an ideal arrangement for discrimination purposes* 
Such a combination is called a filter and is discussed at length under 
power supplies in a later chapter. 


THE ELECTROLYTIC CAPACITOR 


it has been known for some time that the oxides of certain metals 
possess peculiar electrical characteristics. It has l>ecn found that the 
oxides of tantalum and aluminum possess particularly desirable charac¬ 
teristics for use in capacitors, although the cost of the tantalum has 
limited its economic usefulness for commercial electrical applications. 


Consequently, aluminum, being both plentiful and sufficiently economical, 

lias become tbe most widely used - 

metal for electrical applications, hunwurr^ 

The oxide of aluminum pos- - [V ri-- —I -J| + 

Hesses the remarkable charac- ' 

twiHtie of permitting tJu* flow - - ' I- . - , - 

of an electric current through - _ - _ , , - bone aetd and sod™ 

it only ui one direction when ^ , s’ _ 

immersed in a bath of con- 

ducting fluid. (Wont will flow - - „ , - , 

quite ICJldll v lioin the alu- Fin. 83 . Forming aluminum oxide, 

minuni through the aluminum 

oxide into the electrolyte, which is the technical name for the conducting 
fluid. If the polarity is reversed, however, it is found that the curreut 
flow is reduced to so small an amount as to be considered negligible for 


Oxide vFaluminum 
Forming aluminum oxide. 


most applications. With this reversed polarity, the oxide of aluminum has 
been found to possess extraordinary insulating qualities, an aluminum 
oxide eoating being capable of withstanding the incredible pressure of ten 


Million rolls per anfhndn without rupture. 

An oxide is easily formed oil aluminum by electrolytic means. Tins 
metal is immersed in an electrolyte usually composed of an aqueous 
solution of boric acid and sodium borate, as shown in Fig. 83. When 


an electric current, is passed through the solution with the polarity as 
shown in the diagram, electrolysis occurs. The oxygen that is evolved 
at the posithe pole oxidizes the surface of the aluminum. As soon as 
the aluminum anode is completely covered with a film of oxide, the oxide 
oilers such a very high resistance to the further passage of current that 
additional coating of the metal with oxide does not occur. The film of 
oxide formed over the aluminum by this means is approximately 0,00005 
cm in thickness. Despite its extreme thinness, it can, because of its 
remarkable insulating projierties, safely withstand several hundred volts 
without puncture. 
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Wet Electrolytic Capacitors. Since the capacitance of a condenser is 
inversely proportional to the distance between the plates, it is apparent 
that aluminum oxide is an ideal condenser dielectric for some applications. 
The extreme thinness of such a dielectric makes it possible to construct 
capacitors of comparatively large capacitance 'with much smaller physical 
dimensions than is possible when any other type of dielectric is utilized. 
This is the primary advantage of the electrolytic capacitor. The use of 
such a capacitor, however, is limited to d-c applications, inasmuch as 
the proper polarity must be observed. Electrolytic capacitors find wide 
application in power-supply filter circuits where pulsating direct currents 
exist, and they are also used to advantage in bv-pass circuits where it is 
desired to permit the passage of alternating currents while simultaneously 

blocking direct currents. In 
the latter application, proper 
polarity need only be ob¬ 
served with respect to the 
direct current. 

Wet electrolytic capacitors 
arc so called because the 
electrolyte is maintained in 
liquid form. Commercial wet 
electrolytic capacitors are 
constructed of a number of 
oxidized aluminum ] dates 
immersed in a suitable elec¬ 
trolyte. The electrolyte con¬ 
tainer (usually const meted of 
aluminum, though not oxidized) forms the negative pole of the capacitor. 
Since the electrolyte is a conductor, it is in series with the negative 
terminal, or container, t bus effectively bringing the negative leimiual into 
actual contact with the oxide film. Commercial capacitors arc often con¬ 
structed with the aluminum anode in the form of a single* thin sheet of 
metal that has been wound in the tnrm of a cylindrical spiral, Fig S4(a). 
Some manufacturers construct the anode of a number of parallel alu 
milium disks mounted as closely together as practical with both sides 
exposed to the electrolyte, as show n in Fig. S4fb). 

Dry Electrolytic Capacitors. The dry electrolytic capacitor is so 
designated because the electrolyte contains a very low water content. 
Such a nonaqueous electrolyte is a relatively poorer conductor than an 
aqueous electrolyte. Since the negative terminal, or cathode, is in series 
with the electrolyte, the type of construction utilized in the wet capacitor 
is not suitable for a dry capacitor. Dry electrolytic capacitors are con¬ 
structed of alternate layers of cathode and anode capacitor plates inter¬ 
spersed with electrolyte-im|)regnated separators. The cathode plates are 



(a) 

Km.. SI T\pic.d 
(a) Spirally wound 
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of pure aluminum. The anode plates arc of aluminum coated on both 
Hide's with a film of aluminum oxide. The customary form of construction 
utilizes two separators, a cathode plate, and an anode plate wound in the 
form of a concentric roll, as uliow n in Fig. So. In order to pievide complete 
coverage of the anode-plate dielectric Him, the cathode plate is on the 
outside and completely encircles the Minding. 

Older-type dry electrolytic capacitors utilize separators made of cotton 
gauze impregnated with electrolyte. Later-type capacitors employ 
chemically pure separators constructed of s)>ccificalh fabricated paper or 
cellulose impiegnatcd with electrolyte. A number of different electrolytes 
are utilized for impregnation. (*ly coaiumoiiium borate' compounds arc 
commonly used, but there are hundreds of suitable chemical mixtures. 

In recent years the capa 
city of both dry and wot 
electrolytic caj)acitors was 
considerably increased by 
means of etching. It Mas 
found that if the alumni uni 
plates were etched by pass 
mg them through a hydro 
chloric acid solution, the 
lesultant roughening of the 
plate surfaces greatly in 
creased the effective aiea 
of the plates exposed to 
Iho electrolyte. Since the capacitance of a capacitor is a function of the 
area of the plates, the increase in exposed area resulted in an increase of 
capacitance for a capacitor of given plate si/e. 

l\ I HA LUJL CAP At 7 1 \J AY 

The total capacitance of a circuit composed of a number of capacitors 
connected in parallel is equal to the simple sum of the individual capaci¬ 
tances Expressed mathematically, 

<', <\ <\ <\> \ ■ ( 7 ) 

SMHItiS ('APA ('ITA AY 7? 

The total capacitance of a circuit composed of a number of capacitors con¬ 
nected in series is a more com]ilex quantity than that of parallel circuits. 
It is equal in the reciprocal of the sum of the reciprocals of the individual 
capacitances. This can Ik* more clearly expressed rntithematically as 



-Cathode 


FLectrolyte impregnated 
separators 
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or, expmiwd diffrreutJy, at) 


I I 


1 I 



(9) 


For the special caw where there are only two capaeilors 
following formula applies. 


in series, the 
( 10 ) 



Another special condition exists when all the capacitor,s in a series 
circuit have the same capacitance. The following formula then applies: 



where <J t total capacitance; 

(\ capacitance ot any otu capacitor; 

X numlHT of capacitors. 

Formulas (10) and (II) hold tine only for the special conditions design 
ated. Formulas (S) and (0) hold true for ant/ condition, including the 
special conditions of Formulas (10) and (II). The latter two formulas 
are additional formulas, which may he used as a matter of preference 
and simplification. 

Problem. In the circuit ol Fu>. SO, (\ I /rf, <\ //f. (' A 5 //f, (\ 

- 5 /if, (\ 3/^f, ancl (\ 7 //f. What is the total capacitive reactance of 

the circuit at a frequency of l ,00(1 c * 

Solution. In the parallel circuit comprised of (\. f' g , and ( j, according to 
Formula (7), the total capacitance is 


~ H ^ a I fa- 


( 12 ) 
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Substituting, 

ami 


1 + 3-f ft 


(M( 

(14) 


In the series circuit comprising (\ t C 6t and f fl , according to Formula (8), the 
total capacitance in 

1 


Substituting, 


and 


i'is -- 


-i - 1 \ 

* 4 1 5 1 ft 




1 t 1 1 

ft 1 3 ' 7 


1 


0 fITIi 


<7.. J4 M- 


(IB) 


( 10 ) 


(17) 


Jn the parallel circuit 
total capacitance is 

Substituting, 

and 


coniprihing i\ v and r f „. acconling to Formula (7), the 

r, v t \ r fJi . (18) 

f' # I.4H I W, (J9) 


r, I0 4K//1 


According to Formula (3), the reactance of the circuit is equal to 

1 


Substituting, 


Xr W 


X< (i 28- I ,(MK5 • 0 <8X501048’ 


where total f 1 has been reduced to farads. Simplifying, 

1 

6.28 ■ 10 3 ■ 1,048 - 10 h * 
J0 R 


a; 


X ' " (5.28 • 1,04s' 


X, - J5.1 ohms 


( 20 ) 

( 21 ) 

( 22 ) 

(23) 

(24) 


It will l>e noted that there is a certain similarity between the formulas 
for total capacitance and total resistanoe in d-c* circuits. The form of 
the formulas is the same except that the series d-o form holds true for 
parallel cupacitunce circuits, and the parallel d-c form holds true for 
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sene* capacitance cucuxts Of course m capacitance circuits the unit 
employed is the farad whereas ai resistance circuits the ohm is used 

r 
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1. Explain tin i fit it of inti ( ismjrtht niunbu of plates upon Hit r lpiutanu 

of a (d])rii itor 

* riiest questions nnd piobleiuh uu token fiom tin 1 C ( Studv ( uitlo foi Commercial 
Radio Operate i 1 xiuninalions 
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2. State the formula to determine the capacitive reactance of a capacitor. 

3 . if capacitors of 5, 3, and 7 [if are connected in series, what is the total: 
capacitance ? 

4. The charge in a capacitor is stored in what portion of the capacitor ? 



Fig. 87(d). Typical paper dielectric capacitors. {Courtesy of Cornell-DubtUcr Electric 
Carp.) 

5. Having available a number of capacitors rated at 400 v and 2 [if each, 
how many of these capacitors would be necessary to obtain a combination 
rated at 1,600 v 1.5/if? 

8 . May two.capacitors of 500 v operating voltage, one an electrolytic and 
the other a paper capacitor, be used successfully in scries across a potential of 
1,000 v ? Explain your answer. 
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7. How may a filter capacitor be chocked for leakage ! 

8 . Wliat is the total reactance when two capacitances of equal value are 
connected in series ? 

9. What is the reactance of a capacitor at the frequency of 1,200 kc if its 
reactance is 300 ohms at 080 kc ! 

10 . When capacitors are connected in series in order that the total operating 
voltage of the series connection is adequate for the output voltage of a filter 
system, what iB the purpose of placing resistors of high value in shunt with 
each individual capacitor ? 



Chapter ]\ 

ADVANCED ALTERNATING-CURRENT 
THEORY 


In ft-c networks, as in d-e networks, there are two fundamental types 
of circuits to be dealt with, namely, the Reries circuit and the parallel 
circuit. Any complex network, no matter how involved, may lx* broken 
down into a number of series or parallel circuits or combinations of both. 
Unlike d-e networks, however, there is more than merely resistance with 
winch to contend in a-c circuits The peculiar type of opposition offered 
to the flow of alternating currents by the effects of inductance and 
capacitance in the circuit must also l>e taken into consideration. These 
eflects art* found to cause quite different \oltagc and current relationships 
from those experienced with direct currents. To determine s]K*cifically 
pist what these relationships arc in senes and in parallel circuits is what 
comprises the studj of a-c theory. 

SUSIES A-(' t'lHCUlTS 

Current in Series Circuits. The eiincnt in a series a c circuit is the 
same in all parts of the circuit. In other words, the current rule for series 
circuits holds true for both d e and a c netwoiks. In the circuit shown 
m Fig. 88 an inductance, a capacitance, and a icsistance arc connected 
in senes to an a c source. If the current flow ing through the inductance 
is represented as l L , the current flowing through the capacitance as l c , 
and that through the resistance a* //., it cun lie stated mathematically; 
thus, 

h. Ic J it h* (1) 

where f T is the total current or the current flowing through the generator. 

Voltage in Series Circuits. It w r as seen in an earlier chapter that 
inductive and capacitive reactances are opposite in their effects upon 
alternating current. In the series circuit of Fig. 88, since the current is 
the same in all parts of the circuit, these opposing effects must of necessity 
be evidenced in the voltage. It was seen also that the effect of inductive 
reactanco in a circuit is to displace the current from the voltage by 90°. 
Similarly, it was noted that the effect of capacitive reactance in a circuit 
w to displace the current from the voltage by 90 . However, the dis¬ 
placements arc in opposite directions, inductive circuits causing lagging 
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currents and capacitive circuits causing leading currents. Since by 
definition, the current is t lie name in all parts of a series circuit, the net 
effect of the reactances in such a circuit is to cause the voltages across 
the reactances to be displaced with respect to each other. Thus, in Fig. 88, 
according to Eq. (1), 

1l l<- ( 2 ) 


MW—, 


Since in an inductive reactance, the current lags the voltage by 90 
the voltage across L, or E L , must lead 1 L by 90 f . Therefore, by Eq. ( 2 ), 
J?£ leads J c by 90 . In the capacitive reactance', the current leads the 
voltage by 90 . Hence, the voltage across (\ ot E Ci must Jag I r by 90°. 
Since one voltage lags the current by 90 and the other voltage leads 
the same current by 90°, it is apparent that one voltage leads the other 
voltage by 180’. In other words, E L and E c are displaced by 180 . A 

displacement of 180° makes these 
voltages at any instant opposite in 
polarity to each other. 

In a d-c series circuit, the total vol¬ 
tage across the circuit is the simple 
sum of the voltages across the com¬ 
ponent parts of the circuit. In an a-o 
scries circuit, the component voltages 
are also added to obtain the total 
voltage. In the latter, however, the component voltages have different 
phase displacements as well as absolute values and must be considered 
as vector quantities. Therefore, the total mltiuji across an a-c series circuit 
is the rector ,s u m of ih com pom nt rottaga s 



Fit. N't Indue turn o, c >xpm il.imr 
muMtuiuT in MUMS 


<uuj 


This relation is represented graphically in Fig 89 If the current in 
the circuit of Fig 88 is represented oil the X a\is, the voltage across the 
resistance, or A 1 ,,, is also represented on the A" avis, since it is in phase 
with the current. This voltage is represented in Fig. 89 by the vector 
OA. Since the voltage across the inductance leads the current by 90\ 
E it is represented on the graph by the vector OB, which differs in direction 
from vector OA by 90 . Since the capacitive voltage lags the current by 
90°, E v is represented on the graph by the vector OC which differs in 
direction from vector OA by 90" in the opposite direction. Inasmuch as 
E l and E r are opposite to each other, they can be added algebraically 
to obtain the total effective reactive voltage E x , shown in Fig. 89 by the 
vector OD. For purposes of illustration, E h was taken to be larger in 
value than E c , and the vector OD apjioais on the E L side of the X axis. 
The total, or resultant, voltage across the entire circuit is obviously a 
function of E x and E R and is found by constructing a parallelogram of 
forces having sides OA and OD, shown in Fig. 89 by parallelogram 
ODFA . The vector OF is the resultant, or total, voltage; that is, the 
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resultant voltage will have a numerical value equal to the length of the 
vector OF. The phase displacement (phase angle) of the total circuit 
voltage i*ith respect to the current will be represented by the angle 0, 
E l and E c 'will always be 18() r out of phase. Consequently, the parallel¬ 
ogram will always l»e a rectangle (or square), regardless of voltage values, 
E T) therefore, can easily be computed by means of the Pythagorean 
theorem (Chap. II), since triangle OF A "will always be a right triangle. 


Y 



Jb’ir 8<) Vdtugo \e<tor diu^iam foi a, w.m>s rimut containing uuliu tunce, cup** 

< itMK c ami resist m< o 

Accoidmg to the Pythagorean theorem, in any right triangle, the sqimre 
of the hypotenuse is equal to the sum of the squares of the remaining 
tuo sides Hence, 

K t - Vay t ay (3) 

Inasmuch as Ex is the algebraic hum of E L and E ( , } these original 
\oltage values may be substituted in Eq. (3), giving the final formula 

E r VEh* i (E h - E v f . (4) 

Equation (4) is the formula, therefore, for total voltage in series a-o 
circuits, and substitution can be made directly in it for the solution of 
problems. A vector diagram need not bo used for the solution of series 
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circuits. Such a diagram was used in the foregoing explanation merely 
to facilitate the derivation of Formula (4). 

The phase angle 0 is easily computed by trigonometry, once the various 
voltage values have been ascertained Thus, in Fig. 89, 

Ex - - tan 0, (5) 


Kx 

E t 


sin 0 , 


(•) 


E 

E 


- -- cos 0. 

T 


(7) 


The trigonometric functions can be computed from whichever known 
values of voltage are at hand, and the phase angle can be found from a 
table of natural functions, Because in the explanation above E L is greater 
than E r , E x is an inductive voltage. Therefore, the phase angle 0 is an 
angle of lag, representing t he amount by which the current lags the voltage. 

Had there been a preponderance of capa¬ 
citive reactance in the circuit, E r would 
have been greater than E Jt , the parallelo¬ 
gram would have appeared in the lower 
Kir,. 90. Thu tlioowiiml run- side of Die graph, and E x would have been 
dition of pure mcluMunro umi pure capacitive voltage. The angle 0 would 

then have represented an angle of Ivad. 
Ohm’s Law in A-C Circuits. Ju a-c circuits, it is customary to regard 
values of inductance, capacitance, and resistance as being lumped in the 
circuit. In other words, although inductance, capacitance, and resistance 
are actually distributed throughout a circuit, the mathematical treatment 
of such circuits is greatly facilitated by assuming that equivalent amounts 
of these values are concentrated in isolated sections of the circuit. Al¬ 
though such an assumption is not strictly accurate, it is sufficiently 
precise for most work in radio circuits. Thus, Fig. 90 illustrates an 
induct mice and capacitance in series. If Fig. 90 represents an actual 
circuit, it is apparent that in addition to the inductance and capacitance 
shown, there must also be resistance in the circuit. Sbicc by far the 
larger part of the resistance appears in the wires of wrhich the inductance 
is wound, it is exjiedient in theoretical problems to assume that all the 
resistance is in the coil. This value of resistance of the total circuit has 
the same effect as if it were in series with the circuit. It is therefore 
represented as a lumped value of resistance in series with lumjx'd values 
of inductance and capacity. Figure 88 would therefore be a representative 
equivalent circuit for the practical circuit of Fig. 90. 

If there is only resistance in an a-c circuit. Ohm's law can lie applied 
directly in its original form ^ ^ ^ 
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If an a-c circuit contains inductance, capacitance, and resistance, 
Ohm's law can be applied to each of the opposition values individually, 
treating the circuit as though these values were lumped therein. Thus, 


E L - IX L , 

(») 

E c - IX C . 

(10) 


Hence, if the current is known, the component voltages for the circuit 
of Fig. 88 can be computed by substituting in tho corresponding form of 
Ohm’s law [Eq. (8), (9), or (10)J. The tidal voltago is then found by 
substituting in Eq. (4). In common with all other a-c equations, the 
values of voltage and current used in a-c Ohm’s law equations are effective 
values. 

Impedance is the name given to the opposition offered to the flow ot 
alternating current by the combined effects of inductive reactant 1 ®, 
capacitive reactance, and resistance. It is expressed in ohms and is 
represented mathematically by the symbol Z. 

Impedance in Series Circuits. The impedance of a series a-c circuit 
can be found by substituting in Ohm’s law 

z y Hi) 

where Z impedance in ohms; 

I effective current in amperes; 

E effective voltage obtained from Formula (4) in volts. 

The impedance of a senes circuit can also be computed directly from 
the values of reactance and iesistance. Since capacitive and inductive 
reactance arc exactly opjmsite to each other in their effects, they may be 
represented on tho Y axis of Fig. 91 extending in opjiosite directions. 
Resistance is represented on the* X axis because 1 lie effects of inductive 
and capacitive reactance arc each 90 removed from resistance in opposite 
directions. This vector diagram can be completed to solution in a manner 
similar to the voltage vector diagram previously discussed. The values 
of inductive reactance X L and capacitive reactance X r are added algebra¬ 
ically to obtain the effective, or net, reactance X (Fig. 91). A parallel¬ 
ogram is constructed having sides X and R. Since the reactive vector X 
and resistance vector R will ahmys be at right angles to each other, the 
parallelogram will always have 90 w angles. The resultant vector Z is the 
diagonal of the parallelogram and is the hypotenuse of the right triangle 
OAF . As in the voltage vector analysis, Z can be solved for by applica¬ 
tion of the Pythagorean theorem. The solution of this vector diagram 
therefore is summed up by the formula 

Z^VR* + (X l - X 0 )‘. 


( 12 ) 
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Values of inductive reactance, capacitive reactance, and resistance can 
be substituted directly in Formula (12) to obtain the impedance of all 
series a-o circuits. 

Once the direction of the impedance vector Z has been found, the 
phase angle 0 can be computed by trigonometry. The phase angle 0 is 
the same (for a given circuit) as the angle found in the voltage vector 


Y 



diagram, since it is derived a h a result of the same forces acting in the 
same direct ions. Thus, in Fig. 1)1, angle 0 can be found by any of the 
following formulas: 

X 
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When theoretical problems are encountered in which only inductance 
' and resistance are presented in series, the value of X r in Formula (12) is 
taken as zero. The remaining values of X L and R are substituted in the 
formula, which is then solved for Z. Since such a circuit would be pre¬ 
ponderantly inductive, the phase angle found by substitution in Formula 
(13), (14), or (15) would be an angle of lag. 

Similarly, when a theoretical circuit is to be solved containing only 
capacitance and resistance, X L is taken as zero and the remaining sub¬ 
stitutions are carried out aN above. In such a circuit, of course, the phase 
angle would be an angle of lend. In a circuit containing only inductance 
and capacitance (a purely hypothetical condition), R is taken as zero. 
In this case, the dis|H>sition of the phase angle would do]>eTid upon the 
relative values of X L and X r . If X L exceeds X (u the net A r will be 
inductive, and the current will lag the voltage in the circuit. If X r 
exceeds X L , X will be capacitive, and the circuit will have a leading 
current. 

Problem. Given a aerie- eiremt consisting of u resistance of 4 ohms, an 
inductive reactance of 4 ohms, and a capacitive reactance ol 1 ohm , the applied 
circuit alternating emf is 50 v What is the voltage drop across the inductance ? 

Solution. The values of reactance and resistante arc substituted in Formula 
(12) in order to find the impedance thus. 



z \r* i [X L x r y 

(12) 

Substituting, 

Z V4H (4 !)■*. 

(1«) 


Z V4 2 fli. 

(17) 


Z y /\0 1 0 X 25 - 5 ohms 

(1«) 

According to 

Ohm's law foi a-( c in mt 



/ h \ 

Z 

(li>) 

Substituting, 

SO 



/ n 10 fillip. 


Then, 

ft h 

(») 

Substituting, 



E l - 10 -4 40 

(21) 


Observe that the voltage across the inductance in the above problem 
iN almost as great as the total voltage impressed across the circuit. This 
condition should not be confusing, however, since, in series a-c circuits 
containing inductance and capacitance, component voltages are often 
encountered that exceed by many times the total impressed voltage. 

«HNYj 
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Application of thin relation is made iix practical radio circuits to obtain 
effective voltage amplifications and is discussed in detail in lator chapters 
on circuit applications. 

PARALLEL A-C CJRCVJTS 

Voltage in Parallel Circuits. In parallel a-c circuits, as in parallel d-c 
circuits, the voltage is the same across all branches of the circuit. In the 
circuit shown in Fig. 92, an inductance, a capacitance, and a resistance 
are connected in parallel to an a-c source. If the voltage across the 
inductance is represented as E Li the voltage across 
the capacitance as h r , and that across the resis¬ 
tance as E n , it can he stated mathematical^ that 

E l E< E J{ - E t , (22) 

where E T is the total voltage or the voltage across 
the generator 

Current in Parallel Circuits. Inasmuch os the 
same voltage exists across all branches of a parallel 
circuit, it is apparent that the phase displacement 
caused b\ the inductance and capacitance of the 
circuit must be manifested in the branch nmntltt. 
Jn the resistive branch, current and voltage are 
m ]ihii.se that is, current and voltage vectors have 
the same direction. In the capacitive branch, 
tlie current bads' the voltage by 90’ and must 
be represented ns a \ectoi quantity having a 
direction' 90 * displaced lrom the resistive current In the inductive 
branch, the current lagi s the voltage by 90 and is therefore represented 
as a vector quantity having a direction 90 displaced from the resistive 
current in the direction opposite from the capacitive current. A parallelo 
gram of vectors can be constructed graphically to find the total current. 
The procedure is identical with that followed in finding the total voltage 
of a series a-c circuit. The resultant formula for the total current in 
parallel a e circuits is 

l T - VV t (J l~ ^r) 2 > 1^3) 

where I T - total circuit currant; 

7 /? — current through resisti\c branch, 

1 L -- current through inductive branch; 

I r - current through capacitive branch. 

The phase angle in a parallel network is easily computed from vector 
quantities used to derive Formula (211). Any of the following formulas 
can be utilized to obtain the phase angle: 



Fu,. 02. Induct tux c, 
rnpacitancp, and icsis- 
lance m parnllol miubs 
an n-r soutpo. 
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tan 8 . 
sin 0. 


~ - cos 8. 

*T 


(24) 

(25) 

m 


The displacement of the phase angle (lag or lead) will depend upon 
the preponderance of inductance or capacity in the circuit. If I L exceeds 
l r the circuit will have lagging current. If I r exceeds 1 L the circuit 
will have loading current. 

Impedance in Parallel Circuits. The impedance jf a circuit consisting 
of inductance, capacitance, and resistance in parallel is computed by 
substitution in the Olnn's law formula 

^ - y ( 11 ) 

wheie Z - impedance in ohms, 

E - \oltage across the circuit m volts; 

1 - total circuit current in amperes. 


According to Formula (22), the voltage E is the same across all branches 
ol the combination. Total current /, however, is the vector sum of the 
individual branch currents aiul is found by substitution in Formula (23). 

It is often desirable to ascertain the impedance of a parallel circuit 
when neither the voltage nor current is known and only the values of 
inductive reactanee, capacitive reactance, aud resistance are given. The 
procedure* in such cases is to a^sumf* a voltage. The individual branch 
currents are then computed by the Olnn’s law formulas 



(28) 

(29) 


The total current is the vector sum of the branch currents and is found 
by substitution in Formula (23). This resultant current and the assumed 
voltage are* then substituted in Eq. (11) to find Z. 

Although the values of branch currents obtained by using an assumed 
voltage have no numerical relation to the currents which may flow in 
such a circuit under actual ojicratiug conditions, the ratio of these currents 
to the voltage across the reactance or resistance is a fixed value for any 
given circuit and is expressed by Ohm’s law. Similarly, the vector 
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relation between the various branch currents, as expressed by Eq. (23), 
ift aj fixed relation for any given circuit, regardless of the numerical values 
of the currents. In other words, for any given circuit with fixed values 
ofX^ X 0 , and R , the value of Z is a constant, regardless of the voltage 
applied to the circuit and the resultant currents Therefore, the relation¬ 
ship between the branch currents which flow with a given assumed 
voltage is the same for any value of voltage chosen It is common practice 
in working such problems to assume a relatively large value of voltage 
in order to avoid decimal values and fractions, especially where the 
reaot&noes involved are large 

PtoUenL A circuit is composed of a 10-ohm ~esistor, an inductance, and 
a capacitor connected in parallel At the frequency at which the circuit is 
designed to opeiatc, the inductance has a iear tame of 4 ohms, and the capacitor 
has a reactance of 25 ohms What is the impedance of the circuit } 


Solution. Assume 

a voltage of 100 v across the circuit Then, 



i - R 

hi I, 

(27) 

Substituting, 


100 

i" - -,ij- - -imj) 

(30) 


z 

' Xt. 

(2S) 

Substituting, 



, 100 

I L ^ - 25 amp 

(31) 


/ E . 

' X a 

( 2 «) 

Substituting, 


, ] 00 
h - .Tr, 4 

MU 

(32) 

Then, 


J T — V In 1 +- (/ I - If) 1 

(23) 

Substituting, 


l r - VH)‘ | (25 4) 2 , 

(33) 

and 

A 

VlO 2 f 2 I 2 -= VlOO t 441 V541, 

(34) 


J T 23 2 amp 

(35) 

According to Ohm’s law, 



/ 7* 

( 11 ) 

Substituting, 

1 A/l 


z = 23.2 ^ 4 3 ohm ‘ , 

(36) 
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In a theoretical circuit containing only inductance and resistance in 
'parallel, the value of I v in Formula (23) is taken as zero, that is, the 
quantity (i L — / c ) is equal to I h . The remaining values of I L and I R are 
then substituted in the formula, and the solution proceeds as in the 
above problem. Since such a circuit would be preponderantly inductive, 
the phase angle found by substitution in Formula (24), (2tf), or (20) 
would be an angle of lag. 

Similarly, when a theoretical circuit is encountered containing only 
capacitance and resistance, I L is taken as zero and the remaining sub¬ 
stitutions are carried out as above. In such a circuit, the phase angle 
would be an angle of lead. In a circuit containing only inductance and 
capacitance, I hf is taken as zero. The disposition of the phase angle 
would depend upon the relative values of J L and I r . If I L exceeds I Ct 
the net current will be inductive and will lag the voltage in the circuit. 
If 7 r exceeds l L , the resultanl current will be capacitive and will lead 
the voltage. 

IMPEDANCE NETWORKS 

Series-parallel Networks. It is only ill problems concerning hypo¬ 
thetical circuits that valuer of pure inductance and pure capacitance are 
encountered. Actually, in practical circuits, a phase angle of exactly 90° 
is never encountered. Often, however, one particular value of reactance 
predominates to such an extent that the remaining values (opposing 
reactance and resistance) arc negligible and may be safely disregarded. 
Strictly shaking, however, every a-c circuit contain# inductance, capacit¬ 
ance , and resistance. 

Consider a coil and capuiitor connected in parallel. For rough work, 
such a combination would he considered as an inductive reactance 
connected in parallel with a capacitive reactance. Actually, however, the 
coil possesses shunt capacitance. The capacitance of the cod is due to 
the electrostatic fields between any one turn of wire and every other 
turn of wire m it, in other words, any two turns of wire in the eoil act 
as the plates of a capacitor. Since the coil is composed basically of many 
turns of wire, it possesses resistance due to the ohmic resistance of the 
wire. A capacitor possesses inductance due to the magnetic field created 
bv the moving electric field of the capacitor. Inasmuch as no dielectric 
is a perfect insulator, a capacitor also possesses resistance through which 
leakage currents flow. At high frequencies, the effects of these lesser 
reactance and resistance values become increasingly important and in 
many cases cannot be disregarded. The coil and capacitor combination 
under discussion, therefore, must actually Ik* regarded as a combination 
of two impedance# in parallel. 

Any oomplex combination of reactances and resistances can be resolved 
into a primary network of impedances, cither in series or in parallel. Thus, 
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in Kg. 93(a) an inductance, a resistance, and a capacitance in series are 
connected in series with a parallel combination of inductance, resistance, 
and capacitance. Obtaining the total impedance of such a circuit is a 
question of computing the total impedance of two impedances in series. 
The impedance of the parallel combination of L , C\ and R \Z 2 in Fig. 
93(a)] is easily computed by the method outlined above. The impedance 


h 




of the series combination of L , C. and R \Z X in Fig. 93(a)! I s al^o easily 
obtainable. The circuit, therefore, has resolved mto two impedances 
(Z x and Z 2 ) in senes. 

Figure 93(b) illustrates another type of complex circuit. Each leg of 
the combination is a senes circuit of inductive reactance, capacitive 
reactance, and resistance. The impedance of each leg can be found by 
one of the foregoing methods. The total impedance of the circuit, 
however, is a problem involving three impedances (Z v Z 2 , and Z 2 ) in 
parallel. 
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Calculating the total impedance of series and parallel impedance 
networks is a problem involving a more complex notation than that 
utilized for series and parallel reactance networks. In the reactance 
problems previously discussed, the forces at work were always 90 or 180° 
removed from each other, in other words, the parallelogram of vectors 
(both reactance-vector and current-vector diagrams) was always a 
right-angled figure, permitting the application of the Pytliagorean theorem 
to its solution. Impedances, however, are quantities having phase angles 
that are always some value between 0 and 90°, except in certain cases to 
be discussed later in the chapter Thus, the parallelogram of \ectors for 
such circuits will not always have right angles and a different method of 
solution must be applied. 

Series Impedance Networks. In a circuit containing several ixn]>edances 
in scries, the numerical \ aluc of the resultant, or total, impedance may 
be found by adding the resistive components of all impedances, and the 
reactive components of all impedances, and then taking the resultant 
oi the two in quadratuie. Expressed differently, each individual impe¬ 
dance is resolved into its component lesistive and reactive vectors. All 
the lesihtive vectors are added separately All the reactive vectors are 
added (algebraically) separately. The Pythagorean theorem is then 
applied to the resultant resistive and reactive components thus obtained 
to derive the resultant impedance 

Thus, for a circuit containing impedances Z v Z 2 , and Z 3 in series, 


Z, VR* i X t K (37) 

Z, \'jy h X*, (38) 

Z s - j X,S, (30) 

where 

(X Ll x ri ); (40) 

X, (X Li x n )-, (41) 

x 3 - (X a x n ). (42) 


It will be noted that the \alue of X may lie either positive or negative, 
depending in each case upon w T hct her t he quant it y (X L X r ) is preponder¬ 
antly inductive or capacitive. The value of total impedance (Z T ) of the 
circuit is given by the expression 

z 2 = V(J* 4 + J4 + i? 3 ) 2 I {X x b X 2 1 * 3 ) 2 - (43) 

Equation (43) is generalized to apply to any number of importances in 
series by the formula 

K - V(Jf, 4 \ V+ ■' • ■)*” + (Xi •)■• (**) 

Obviously, the values of R and X which compose the individual im¬ 
pedances must lie known in order to compute the total impedance. Often 
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these values are not given in this form. The procedure then is to 
utilize the trigonometric functions of the phase angle for each im¬ 
pedance to derive the numerical values of the reactive and resistive 
components. Thus, for the example above, the components are derived 
as follows: 

X 1 — Zj sin 0. (45) 

R, = Z 1 cos 0. (40) 


If not given, the phase angle for the total impedance obtained in 
Formula (44) is derived from the expression 


tan 0 — 


N-i + JT a -j X, + ■ ■ ■ 
i I R& 4 ... 


(47) 


Parallel Impedance Networks. The resultant imjtedauce of several 
impedances in parallel may be computed in several difierent ways, all of 
which may become somewhat involved when a number of im(>edaiices 
are concerned. The reader is urged to review the section on trigonometry 
in Chap. TF before proceeding with parallel impedance networks. 

The resultant impedance of several ini|>cdaiices in parallel is computed 
by substitution in the Ohm Via w formula 

Z-y (II) 


The voltage in common with all other parallel circuits, is the same 
across all brandies of the combination. Total current / is the vector 
sum of the individual branch currents. Since the individual branch 
circuits in an impedance are usually not in quadrature with each other, 
the calculation of total current becomes more complex than in the case 
of parallel reactance circuits. Perhaps the method is best explained by 
outlining the piocedure for a t> pical circuit. A series-parallel network 
is shown in Fig. 94(a). Basically this network consists of two impedances 
in parallel. The solution of the two scries circuits comprising the branch 
legs has l>een discussed previously and presents no new problem. Each 
impedance is represented by the series-circuit formula 

z- (X L -X c y. (12) 

The total effective reactance of such a series circuit is the algebraic 
sum of the inductive and capacitive reactance and is customarily denoted 
simply as A r . Equation (12) can therefore be modified to read 

Z -= VB * 1 X *. (4H) 

where X -X L - X ( .. 

If it in assumed in this particular illustration that the upper leg of the 
jmraUel circuit is inductive and the lower leg capacitive, a vector diagram 
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of the currents through the branch legs would appear as in Kg. 94(b). 
l zl represents the current'in the upper leg and I Zi the current in the 
lower leg. Since the problem is theoretical, no absolute values are given, 
and the lengths of the vectors are arbitrary. By completing the parallel¬ 
ogram of forces, the resultant vector I T (total current thiough the 




combination) can be found (shown on the diagram by the dashed lines). 
It is at once apparent that the angles of the parallelogram are not right 
angles. The mathematical solution of such \ectors, therefore, must 
embrace a different method. 

Each branch current, 1 ^ and I Z2 , can be assumed to be the resultant 
of two component currents acting in quadrature. This is illustrated in 
Fig. 95. I l{l and 1 X1 are the components of J zv Similarly, I m and I x% 
are the components of / Z2 . The component resistive and reactive currents 
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thus obtained aw added algebraically to obtain the wt effective resistive 
and reactive current*, ho that 


and 


I HI “t I HI ~ lji7> 

Ixi 1 \\t “ 1 XT) 


(«) 

(50) 


where 1 XT = total effective reactive current, 
I UT - total effective resistive current 


It should be noted that since one of the reactive current components 
(I X1 ) appears below the zero line, it takes a negative sign. Since J HT 



r 

Fu 9.1 Vcctoi < uiiputs of big M4(b) icsolveil mlo the i outlive aiul resihtne 

1‘OTUpOIIOlltt- 


and 7_ xr ai'e acting m qnadiature, the total current J 3 is easily found by 
application of the Pythagorean theorem 

J T V 1 !{T l i l \'j 1 - (51) 

Eliminating the graphs, the entire opeiatinn ran be expressed in the 
single formula 

It ^ (1 m lift)* t \i + fx'iV* (52) 

It should bo remembered that the second squared term of Eq. (52) 
represents the algebraic sum of the reacthe currents. Where one of the 
reactive currents is capacitive, as in the example abo\e, this term becomes 

|/.v= t (-/.m)I 2 (53) 


or 


(/ a . - *xi) 2 - 


( 54 ) 
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The component current values I It and Ix are ordinarily not easily 
obtainable directly and * must be computed by trigonometry. Thus, 
referring to Fig. 95, 


-/* icus0, 

(55) 

Izz C0R ^ 

(56) 

f.Yl lz\ ®l n 8» 

(57) 

7 Aa - I 7% sin <f>. 

(58) 

Substituting these values for their equivalents in Eq. 
becomes 

(52), the formula 

7 r \ (7^i cos 0 [ /£2 cos j (7^, sin 0 t 7 

Zt sin ^) a . (59) 


The value of I T thus obtained is substituted in the Ohm's law formula 
of Eq. (11) to obtain the resultant Z of the entire circuit. Ah in parallel- 
reactance circuits, if the circuit voltage is not given, one is assumed. 
The resultant current through ouch imjiedancc is computed by OhmV* 
law, utilizing the same voltage throughout the problem. 

Since the problem outlined above concerned the case where only two 
impedances were in parallel, the formula derived [Eq. (59)] holds true 
for only tw r o impedances as it stands. Nevertheless, the same derivation 
applies for any number of inqiedanccs in parallel. Formula (59) may 
therefore be generalized for all cases as follows: 


7 


T 



7A cos a \ I Z2 cos 5-i 7^ cos r 4 ■ ■ *) 2 
J {l 7A sin a i 1 Z2 sin b-\ /^sinr | ■ ■ -J 2 ’ 


( 60 ) 


It is apparent that the phase angle of each impedance in a parallel 
network must be known in order to compute the total, or resultant, 
im])edance. Thus, in the upper leg of the circuit of Fig. 94(a), since it 
was assumed to be inductive, the current lags the voltage by the angle 0 . 
The value of angle 0 is found as outlined in the section of this chapter 
devoted to series circuits utilizing Eq. (13), (14), or (15). Impedance Zj 
in Fig, 94(a) is then said to he acting “at angle 6.” This is written 

Z x 0 (61) 

and i.s read, “Impedance Z, at angle 0.” Thus, an impedance of 26 ohms 
acting at a phase angle of 43 c is written 

Z - 29 ohms / 43° (62) 

and is read, “an impedance of 26 ohms at angle of 43 If the circuit is 
inductive, the phase angle lags; if capacitive, it leads. In the absence of 
a sign preceding the angle, the angle is taken to be a positive, or lagging, 
angle. If the angle is leading, it is negative and expression (62) becomes, 

Z -- 26 ohms / -- 43‘. (63) 
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Often the value* of reactance and rebalance that make up an impedance 
are unknown The impedance phase angle must therefore be given m 
order to compute the resultant impedance of a number of such impedances 
in parallel 

The phase angle ol the xesultant impedance of a parallel network is 
easily computed from the trigonometric function involving the reactive 
and resistive components Thus, referring to Fig 05 

tan i =^ T (64) 

‘hi 


In terms of the general lormula of Eq (60), Eq (64) becomes 

tan i ^ /l sm ° * ^ /l SU1 ^ ^ 4111 r ^ 

i yi cos a 4- I cos b i J Zi tos r \ 


(65) 


Problem. Thru imptdanus 10 40 20 20 and 25 10°, arc ion 

nectcd in parallel Find the combined circuit lmjxdinu and usultant phase 
angle 


Solution. Assume a volt igc of 100 v 
through thi In inch imints will lx 

moss Hit circuit Ihcn the 

cuinnt 

100 

10 amp 


10 “ 

(00) 

100 



Jz ~ 20 

5 amp 

(07) 

f MX) 



7 '‘ 25 " 

4 amp 

(bb) 

From the tngonomcti\ tabic in the appendix 


sin 40 

0 642 

(00) 

ios 40 

0 766 

(70) 

sin 20 

0 4S4, 

(71) 

cos 20 

0 K74 

(72) 

sin 50 

0 500 

(73) 

tos 10 

0 S66 

(74) 

Substituting in Eq (60), 



J /(J0 0 700 f *5 0 874 t 4 ObOO^ 

(77) 

1 V ■+ (1« 0 642 4 5 

0 4S4 f- ( 4 0 600) y 

1, - V'(J»40) i | (0 84)- 

(70) 

lj V239 0501 

I 40 7850 

(77) 

l r Vihb 7357 

(78) 

Ij 16 02 amp 


(79) 
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Substituting in Ohm’s law, 


E 100 

Z -7-16.9 3 - 590hms - 

(80) 

Then substituting in Formula (65), 


6 84 

tan ° = 15.49 = 0 ' 442 ’ 

(81) 

and 


0=-23°51'. 

(82) 

The answei therefore is 


Z =- 5.0 Z.23 0 51'. 

(83) 


RESONANCE 

One of the most important phenomena occurring in radio circuits is 
that of resonance. Ju both transmitting and receiving networks, resonant 
circuits are used to build up large voltages or currents at certain desired 
frequencies while simultaneously discriminating against all other fre¬ 
quencies. The condition oi resonance is obtained when the values of 
inductive and capacitive reactances in a circuit are equal. Inasmuch as 
these values are 180 out of phase, at resonance they are equal and 
opposite to each other and therefore cancel. 

For any given combination of an inductance and a capacitance there 
is only one frequency to which the circuit is resonant. It was seen in an 
earJier part of the text that both inductive reactance and capacitive 
reactance wry with the frequency. Inductive reactance varies directly 
with the frequency, aud capacitive reactance varies inver/tely with the 
frequency. It follows, therefore, that if a given coil and capacitor are 
connected in a circuit (either series or parallel) and an alternating current 
of changing frequency is applied to the circuit, there will he hut one 
frequency at which the reactance of the coil is equal to the reactance of 
the capacitor. Thin frequency is called the resonant frequency of the 
circuit. 

Every a-c circuit is resonant at some one frequency. This condition 
holds wdiethor or not there are lumped values of inductance or capacity 
in the circuit. At low frequencies the L and 0 values in the w r iring of a 
circuit are usually so small as to be negligible, that is, the resonant 
frequency is far removed from any normally used frequency and can b© 
disregarded. At high radio frequencies, however, such distributed values 
of L and C may become important since the resonant frequencies developed 
might be in the vicinity of the circuit frequency. 

For any given frequency, there is an infinite number of values of L 
and C which will resonate at that frequency. Thus, if X L is 10 ohms 
and X c is 10 ohms, the circuit is resonant at a certain frequency. If X h 
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is made 12 ohms by mere awing L and X c is made 12 obms by decreasing 
C t the circuit is resonant again at the mme frequency. Obviously, the 
number of combinations of L and C which cause resonance at the same 
frequency is infinite. 

Since, by definition, the inductive and capacitive reactances of a 
resonant circuit are equal it may be stated mathematically that 

X L ~ X c . (84) 

Substituting in Eq. (84) the equivalents for these values, 



(85) 


Multiplying both sides of Eq. (85) by/, 



l)i\ iding through bv , 

p - 1 

' [iirfU' 


( 86 ) 

(87) 


Solving for/, vu* get the formula for the resonant frequency of any 
series or parallel circuit containing inductance and capacitance: 


2tt\ ~W 

where / - resonant, frequency in cycles ; 
L -- inductance in honeys ; 

C capacitance in farads; 

7 r - the constant 3.14. 


m 


Problem. What is the lcsonaiil frequency of a circuit containing 0.2 h 
inductanec and 0.01 //f capacitance ( 


Solution. iHuhstituting in Formula (H8), 


0.28V0.2 • 10 

(89) 

J 

6.28 ■ 0.44 ■ 10-*’ 

(90) 

10 4 

2.70 

(»J) 

3,tt23 c 

(92) 


Series Resonance. In Fig. 00 (a) au inductance, a resistance, and a 
capacitance are connected in series. If this circuit were cumiected to a 
source of alternating current, it would be found that at very low frequen¬ 
cies little current w ould flow, since the reactance of the capacitor is vory 
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(a) 


high at low frequencies. At very high frequencies, on the other hand, 
the reactance of the coil is very high, and, therefore, little current would 
flow. Obviously, maximum current would flow in this circuit at some 
intermediate frequency somewhere between the very low and very high 
portions of the frequency spectrum. The exact frequency at which 
maximum current flow would occur is the remnant frequency of the 
circuit and depends upon the 

values of L and C. At reson- ^ 

ance, the inductive and capa¬ 
citive reactance of the circuit 
would be equal and opposite 
and would cancel out. The 
only opposition offered to the 
flow of current through the 
circuit would therefore be the 
resistance. 

Figure 96(b) is an impedance- 
\ ector diagram of the circuit of 
Fig. 96(a) when the circuit is 
ojrerated at resonance. Since 
X L and X c are equal and 
opposite, their algebraic sum is 
zero. The impedance of the 
circuit therefore, as computed 
from Formula (12), becomes 


* i 


X f - 


Xc 


R 

-A- 


ami 


Z-- \ W- 0, 
Z H. 


(93) 

(94) 


(b) 

Fit.. 4(i Serins Tesormin e 


At any frequency other than the resonant frequency, the \allies of 
X L and A’,, will not be equal. (Consequently, the algebraic sum of 
and X r will not be zero. Equation (12) will then have a reactive com¬ 
ponent as well as a resistive component, and Z will always lie greater 
than Ji. In series resonance circuits, therefore, it may be said that the 
impedance is minimum and is equal to the resistance of the circuit at 
the resonant frequency. 

According to Ohm's law, in a series a-c circuit, 

i - ~ m 

/; 


1 varies inversely as Z . As the impedance is decreased, the current is 
increased. Since at series resonance, the impedance is minimum, it 
follows that the current is maximum. The current is the same in all 
parts of a series circuit. Consequently, at resonance, maximum current 
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flows through the inductive reactance and capacitive Teactanoe of the 
circuit. By Ohm’s law, 


3 

II 

6? 

(96) 

E c - 1X C . 

(97) 


The voltage drop across each of the reactances varies directly with 
the current and directly with the reactance. In the circuits normally 
used to obtain resonance effects, the current peaks sharply at resonant 
frequency, and the maximum voltages across X L and X r are developed 
when the maximum current flows through the circuit, that is, at 

resonance. Actually, it often hap¬ 
pens that at resonance the voltage 
across the inductance or capaci¬ 
tance of a series circuit is greater 
than the voltage across the entire 
combination. 

Since, in effect, there is only re¬ 
sist ancc in the circuit at series reson¬ 
ance, the current and voltage will be 
(a) (b) in pfiasp, just as in a simple resistive 

Viu. 97 circuit. The power consumed in 

such a circuit, therefore, will be 
the same as for a simple resistive circuit of the same ohmic value and 
can be found by the formula 

P - m. (9H) 

For the theoretical condition involving a pure inductance and a pure 
capacitance in series, R would equal zero at resonance. Consequently, 
Z would also equal zero (Eq. (94)). The value of 7 derived from Formula 
(95) would be infinity. 

Parallel Resonance. In Fig. 97(a) an inductance and a capacitance are 
connected in parallel. In an earlier part of this chapter it was seen that 
the branch currents in such a circuit are ISO out of phase that is, they 
buck each other. If an a-c source of changing frequency were connected 
to this parallel circuit, it would be found that at very low frequencies 
considerable current would flow in the external circuit. The reactance 
of the capacitor is very high at low frequencies ; consequently, the flow 
of current through the capacitor would be limited. The reactance of the 
coil at low r frequencies, however, is very low, and the current flow through 
it would be large. Since the flow’ of current in the inductive leg would 
be very large compared with the current flow in the capacitive log, only 
a small part of the inductive current would be canceled out by the out-of¬ 
phase capacitive current. The net current in the external circuit, 
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therefore, would bo large and would be inductive in character, that is, it 
would lag the voltage. 

If a v-h-f alternating current were applied to this circuit, it would 
again be found that the flow of current in the external circuit would be 
large. At high frequencies, however, it would l>e found that this current 
is capacitive in nature, that is, it would lead the voltage. The reactance 
of the condenser would be very low' at high frequencies. The current 
flow through the capacitive leg would therefore lie large. The reactance 
of the coil, on the other hand would he very large at high frequencies, 
and consequently, very little current would flow through the inductive 
leg. Only a small part of the capacitive current would be canceled out 
by the out-of-phase inductive current. The net cuirent flow in the external 
circuit would theioforc be large and capacitive in character. 

If the alternating current applied to this parallel circuit is varied 
from u very low frequency to avcry high frequency, it is apparent that 
at some frequency between these two extremes the inductive and capa¬ 
citive reactances would be equal. The current in the inductive leg would 
then he equal and opposite to the current in the capacitive leg, and the 
result would be zcio current in 1 tie external circuit The frequency at 
which tins occurs is the k sonant fmjuenry of the circuit. When a specific 
\oltage is impressed across a circuit and zero current flows, the impedance 
of flu- circuit equals infinity Thus, according 1o Ohm’s law, 


E E 
/ 0 


or. 


(99) 


It can he stated, therefore thal. In a theoretical circuit containing a 
pure inductance in parallel with a pure capacitance (no resistance in 
either branch of the circuit! net current flow is zero, and the impedance 
is iniinite at resonance. 

In actual practice, of corn sc, till circuits possess sonic resistance. In a 
parallel circuit by far the majoi portion of the total circuit resistance is 
m the coil The losses jn the average well-designed capacitor are so small 
that its resistance can usually he neglected. An actual circuit of a coil 
and a capacitoi m parallel would therefore be more accurately represented 
as a resistance and inductance in series connected in parallel with a 
capacitor, as shown in Fig. 97(b). Plainly in such a circuit the current 
will never become zero, for there will always be a flow of current owing 
to the resistive component in the coil branch of the parallel circuit. At 
resonance, therefore, tho current w ill pass through a minimum value in 
a parallel circuit. The impedance, in accordance with the Olim’s-law 
equation (99), will pass tlirough a maximum value at resonance. 

Figure 98 shows the manner in which the impedance Z of a parallel 
circuit, such as that of Fig. 97(b), varies with the frequency. When such 
a circuit is placed in series with a constant-current generator, such as a 

H (N V | 
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pentode vacuum tube, the voltage across the parallel combination varies 
in precisely the same manner as does the impedance. 

Figure 99 shows the current vectors for the circuit of Fig. 97(b) when 
the applied frequency is such that the inductive reactance equals the 
capacitive reactance—in other words, for the condition of resonance. 
The capacitive current component I ( . is not equal to the inductive current 
component ] L , since I L does not lag the voltage by a full 90°. For a 

given circuit, 1 L is found by 
utilizing the law's governing 
series circuits. Thus, 

h. - ,(» 6 ) 

and 

Z vf? 2 +■ X T K (100) 

The total current in the 
inductive leg, therefore, will 
not be equal to the capacitive 
current, nor will it be ISO" 
out of pliuse with the capa¬ 
citive current. The resultant 
current flow for the combina¬ 
tion, i 7 ,, is found by com¬ 
pleting the parallelogram of 
forces, as shown in Fig. 99. 

Frequency f — ► It may be noted at once that 

on. f T does not fall on the refer¬ 

ence vector line, that is, the 
current is not in phase witli the* voltage. It may he shown that the 
current is not at a minimum for this condition, and, hence, the inqiedanee 
is not at maximum, although in general it is very nearly maximum. The 
condition of maximum ini})cdaiice can be* created by varying either L, 
C , or the frequency. Similarly, the condition for unity 'power factor 
(current in phase with the voltage) can he created by varying either L, 
C t or the frequency. Since the original definition of resonance for a circuit 
describes it as the condition where the inductive and capacitive reactances 
are equal, it follows that at parallel resonance, the impedance is not 
neoessarily at a maximum, nor is the current necessarily in phase with 
the voltage. 

This state of affairs has led to several different definitions of parallel 
resonance which are sometimes confusing to the student. Parallel 
resonance is sometimes described as the point of maximum impedance, 
sometimes as the condition at which current and voltage are in phase, 
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and sometimes as the condition at which induotive reactance equals 
capacitive reactance. In practical circuits, these three definitions involve 
resonant frequencies that differ by such a small amount that for all 
practical purposes the resonant frequency of a parallel circuit may be 
taken as the frequency at which the inductive and capacitive reuctanoes 
are equal. Therefore, the frequency 
that satisfies the relation 


fa 


1 

2i tVW 


m 


will hereafter be taken as the reso¬ 
nant frequency of a parallel circuit in 
this text. The frequency at which a 
parallel circuit offers maximum impe¬ 
dance is often (‘ailed the antiresonant 
frequency. Parallel circuits that are 
utilized for the purpose of obtaining 
maximum impedance are (‘ailed anti- 
resonant circuits. 

POWER FACTOR 

Hie power consumed in walls in a 
d c circuit lias been shown to be equal to 
the product of the volts and the am 
percs. In an a-e riicuit, Ihe powei 
consumed can also l>e shown to be equal 
to tlie product of the effective volts 
and tlie effective amjxjres, ptomded that 
the rut rent and voltage are in phase 
This would be the condition for an a v 
circuit containing only resistance. If 
there is any reactance in the circuit in 
the form of inductance or capacitance, 
it is apparent horn previous treatment of the subject that the current 
will either lead or lag the voltage, depending upon which value is 
preponderant. Since the current and voltage in such a circuit do not 
reach their peak values at tlie same instant, their product will not 
be a true representation of the amount of power consumed in the circuit. 
Actually all the power put in the circuit by the generator is not consumed 
by the circuit, and a portion of it is returned to the generator. This 
condition is due to the back emf of self-induction caused by the collapse 
of the magnetic field about an inductance and also by the counter current 
occasioned by f he discharge of the capacitance of the circuit. The product 



Kir . SS. \er (oi i in rent a in a reson¬ 
ant piuaJlel rimnt having roKistanoe. 
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of the volts and amperes of an a-c circuit is called the apparent power, 
or volt-amperes, of the circuit. This would bo the value of power 
obtained by multiplying the readings taken from a voltmeter and an 
ammeter in a typical a-c circuit. Since the product so obtained ia not an 
accurate indication of the power conavmed in the circuit, it must be 

D multiplied by a corrective factor 
/ called the power factor in order to 

/ obtain the true power of the cir- 

yf cuit. The power factor is a func- 

jS tion of the phase displacement 

/ (the amount by which the current 

and voLage differ in phase) and 
/ is a variable factor that is derived 

y from the phase angle of a given 

/ circuit. 

/ A conception ol power factor is 

f sometimes more easily formed hy 

/ -► Desired course ($10) ? reference to an analogy. Tn Fig. 

\ J 100, a steamboat is proceeding on 

f a course from ])omt A to point B . 

yfiL, If there arc no winds or ml verse 

U currents to buck, all the energy 
b expended by the boat as it moves 
along this course is consumed in 
> V*£. g overcoming the resistance of the 

Ny V 3 water. likewise, in an a-c circuit 

\ contanujig only resistance, all the 

energy supplied to the circuit may 
\ be said to be consumed in over- 

X. coming the resistance of the circuit. 

C Let us assume that m traversing 
Kiu. loo. Analogy of power faitm the distance from A to B under 

the conditions given above, the 
steamboat would normally consume $10 worth of fuel. 

If, on the other hand, the steamboat were hampered in its movement 
by a strong crosscurrent at 90 to the desired course (indicated by line 
CB t Fig. 100), it is obvious that the boat would be carried to point D 
if no steps were taken to overcome this additional type of opposition. 
The opposition caused by the crosscurrent is analogous to introducing 
reactance into the a-c circuit previously mentioned. In order to ensure 
arriving at point B, it would be found necessary to head the steamboat 
in the direction of AC . Part of the energy consumed by the boat is 
expended in overcoming the resistance of the water over path A B, and 
part is exponded in overcoming the opposition offered by the crosscurrent. 


Kill. 100. Anulogy ol pnww faiioi 
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Obviously, the steamboat expends a greater amount of energy in reaching 
its ultimate destination (point R) under these conditions than it does 
when no crosscurrent is present. Let us assume that $15 worth of fuel 
is expended under these conditions. This $15 represents the amount of 
fuel the boat would have consumed had it actually traversed the path 
AC. The undesired path AC may be compared to the power supplied 
to an a-c circuit containing impedance (combined resistive and reactive 
opposition). 

Under the conditions just outlined, the steamboat, therefore, actually 
consumed $15 worth of fuel in moving from A to B. Of this amount, only 
$10 worth can be said to have been vaefully consumed, since this would 
have been the cost had there been no crosscurrent (no reactance). The 
$10 may be compared to the true power consumed in an a-c circuit ; and 
SI5 may Ik? compared to the apparent power. The relation between the 
two is called the power factor. Thus, in the steamboat illustration, the 
power factor is the ratio betw’een 10 and 15. or, 

10 2 

powei factor ^ O.tiH or (101) 


For an a e circuit this equation becomes 

_ true power 

iKJwer factor =- 

apparent power 

where P power as read on a wattmeter; 

E voltage as read on a voltmeter; 

/ current as rend on an ammeter. 

In the steamboat illustration this ratio emdd also be taken as the 
relation between the undesired path A(* and the desired path AH, or 

_ AH 

power factor ^ t - (103) 

In an a-c circuit, this could be tuken as analogous to the ratio between 
the resistance and impedance, or 

R 

power factor —• (104) 

where R resistance of circuit; 

Z - ini|)cdance of circuit. 

By trigonometry, 

~ - cos 0. (105) 

Z 


P 

El 


( 102 ) 


Therefore, 


power factor - cos 0. 


(100) 
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By rearrangement of Eq. (102), the following formula for the power 
consumed in an a-c circuit is obtained: 

power = E * I • power factor. (107) 

Substituting the equivalent values for power factor taken from Eqs. 
(104) and (106), Eq. (107) becomes 

R 

power - E • I • -» (108) 

or 

power - E ■ / • cos 0. (109) 

The power factor of any a-c circuit can never be greater than unity, 
since the cosine of the phase angle can never exceed i. The condition of 
unity power factor is obtained in practice when there is only effective 
resistance in the circuit. This condition occurs in resistance networks, 
where the capacitance and inductance arc so small as to be negligible, 
and in resonant circuits, where the inductive and capacitive reactances 
balance out. 

Problem. Given an a-c circuit having an impedance 10 ohms /_28 n , what 
is the power factor of the circuit f When an emf of 100 v it* impressed across 
the circuit, what power is consumed in the circuit * 

Solution. 

power factor cos 28 - 0.88295 88.295%, (110) 

and 

E J00 

I- z 10 amp (111) 

powder -- 100 • 10 ■ 0.88295 - 882.95 w. (112) 

When the phase angle of a circuit is positive (circuit preponderantly 
inductive), the circuit is said to have a lagging power factor. When the 
circuit phase angle is negative, it is said to have a leading power factor. 


CIRCUIT Q 


The selectivity of a circuit, that is, its ftharpne;us of n/ioviance, is deter¬ 
mined by the ratio of the reactance to the resistance. A figure of merit 
customarily used to represent this ratio is the letter Q. Thus, 


Q - 


2irfL 

R 


(113) 


Since the r-f resistance of a circuit is usually composed almost solely of 
the coil resistance, the circuit Q is often taken as that of the coil alone. 
At resonance 2 irfL = ]/(2 tt/6 y ). Therefore, the Q of a resonant circuit 
may be written as 

27 rfRC 


( 114 ) 
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In a series resonant circuit at resonance, the impedance is equal to the 
resistance, and the resonant current is 



where E - the impressed circuit voltage. 
The voltage across the inductance is 


<1M) 


A 7 ;, - y /f (2ir/A). 

From Eq. (115) 

El |(-VA), 

• 

** '(T> 

(116) 

Substituting from Eq. (113), 


A’,, - EQ. 

(117) 


Equation (117) is another way of saying that the resonant rise of 
voltage in the circuit is equal to Q times the impressed voltage. 

It can be shown that when the frequency of the applied voltage in a 
series circuit differs from the resonant frequency by an amount that is 
\Q of the resonant frequency, the current falls to 0.707 of the maximum, 
or resonant, value. From this it follows that 


Q - 


j, 

A h 


(ii«) 


where /, — resonant frequency; 

/j - frequency higher than resonance at which the current falls to 
0.707 maximum, 

/ 2 frequency lower than resonance at which the current falls to 
0.707 maximum. 


Similarly, Eq. (118) may be applied to parallel circuits. In this case, 
the constants become 

/, frequency higher than resonance at which the ixdtage falls 
to 0.707 maximum; 

/ 2 — frequency lower than resonance at which the volfage falls 
to 0.707 maximum. 


QUESTIONS ANT) PROBLEMS * 

1. What is the current and voltage relations!lip when inductive reactance 
predominates in an a-c circuit \ 

* These question* and problems nre taken from the “F.C.C. Study Guide for Commercial 
Radio Operator Examinations ” 
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2. Given a aeries circuit consisting of a resistance of 4 ohms, an inductive 
reactance of 4 ohms, and a capacitive reactance of 1 ohm. The applied-eircuit 
alternating emf is 50 v. What is the voltage drop across the inductance ? 

3. Should the numl>cr of turns of an inductance bo increased or decreased 
in order to raise the resonant frequency 1 

4. Under what conditions will the voltage drop across a parallel-tuned 
circuit be a maximum l 

5. A parallel circuit is made up of five branches, three of the branches being 
pure resistances of 7, 11, and 14 ohms, respectively. The fourth branch has 
an inductive reactance value ot 500 ohms. The fifth branch has a capacitive 
reactance of 000 ohms. What is the total impedance of this network! If a 
voltage is impressed across this parallel network, which branch will dissipate 
the greatest amount of heat ? 

6* If, in a given a-c series circuit, the resistance, inductive reactance, and 
capacitive reactance aie of equal magnitude of 11 ohms and the frequency is 
reduced to 0.411 of its value at resonance, what is the resulting un])cdaiicc of 
the circuit at the new frequency / 

7. If an alternating current of 5 amp Hows in a series circuit composed of 
J2 ohms resistance, 15 ohms inductive reactance, and 40 ohms capacitive 
reactance, what is the voltage across the circuit } 

8 . A series circuit contains resistance, inductive reactance, and capacitive 
reactance. The resistance is 7 ohms, the inductive reactance is 8 ohms, and 
the capacitive reactance is unknown. What value must this capacitor have 
in order that the total circuit impedance he 13 ohms ! 

9. If an alternating voltage of 115 v is connected across a parallel circuit 
made up of a resistance of 30 ohms, an inductive reactance of 17 ohms, and a 
capacitive reactance of 10 ohms, what is the total circuit current drain from 
the source ! 

10. What is the meaning of power factor ! 



Chapter \ 

THE VACUUM TUBE 


The radio vacuum tube as it is known today is one of the most extra¬ 
ordinary devices ever conceived by man. It is jicrhaps the most important 
single contribution to the world of science since the turn of the century. 
Without the vacuum tube, the progress of the science of communicating 
without wires would have been seriously impeded. Radio broadcasting 
itself owes its inception to the development oi this ingenious device. 
After 40 years of progressive development, there remains much that is 
not known about the phenomenon of tlieiniionic emission upon which 
the vacuum tube depends for its operation. 

The product of the coordinated efforts of exjiort engineers and skilled 
craftsmen, the vacuum tube is a remarkably sensitive and accurate 
instrument. Of the ninety-odd known elements that comprise the 
universe, thirty-seven are utilized m one form or another in the manufac¬ 
ture of this devKse. Its future possibilities, even in the light of present day 
accomplishments, arc but vaguely forseen 

THEORY OF THERM ION W EMISSION 

The Edison Effect. Tt has been known for over 100 years that w r hen 
a metal is heated to incandescence, the air in its immediate vicinity 
becomes a conductor of electricity. This phenomenon came to the notice 
of Thomas Edison in 1KH3 during the course of his iaiuous exjieriments 
with incandescent lighting. Tn 1SS4, Edison discovered that if a conductor 
were placed in a vacuum with an incandescent metal, the space between 
that conductor and the incandescent metal became a conductor, and 
current could be made to flow in the circuit if the two were connected 
externally (see Eig. 102) It remained for 0. W. Richardson to demon- 
trate that this effect (since called the Edison effect) was not due to 
ionization of air in the vicinity of the conductor. In J902, Richardson 
published experimental results continuing his theory that the current 
flow was due to the actual emission of elec trons from the incandescent 
metal, thus disproving the earlier theory that the air surrounding the 
metal lieeame conductive. Subsequent experimentation disclosed that 
the phenomenon was most pronounced In a high vacuum and also that 
certain metals possessed this unique characteristic to a higher degree 
than others. 

H»9 
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LAVA MICA'TIN-SODIUM CARBONATE • M 0 N E L • SILVER OXI DE 
SODIUM ALUMINUM FLUORIDE • RESIN (SYNTHETIC) • ETHYL ALCOHOL 


MATERIALS USED IN RCA RADIO TUBES 


LEAD ACETATE-MALACHITE GREEN-GLYCERINE • ZINC CHLORIDE - IRON 


MARBLE DUST-WOOD FIBER-STRONTIUM NITRATE-LEAD OXIDE-ZINCOXIDE 
MISCH METAL - NIGROSINE - PORCELAIN • PETROLEUM J ELLY ■ ZINC 


BARIUM CARBONATE 



CALCIUM CARBONATE 
AMMONIUM CHLORIDE 
POTASSIUM CARBONATE 


BAKE L ITE 

PHOSPHORUS 


PLATE 
Diameter 
gauged to 
0002 inch 


LATH ODE COAT ING 
Weight van ibon 
i©ss than 
000007 oz 



51 L I CON 
SHELLAC 
TUNGSTEN 
TITANI UM 
SILICA 
G L A 5 S 
MAGNESIA 
PLATINUM 
STRONTIUM 
MAGNESIUM 
ROSIN 


NICKEL 

COBALT 

OXIDE 

THORIUM 

NITRATE 


(jd'cs Used in eTTCanu/arcurc 

NEON - HYDROGEN - CARBON DIOXIDE - ILLUMINATING GAS 
HELIUM - ARGON - NATURAL GAS - NITROGEN - OXYGEN 

Elements Ewering into the Manufacture 

ARGON - ALUMINUM - BORON - BARIUM - CAESIUM - CALCIUM - COPPER - CARBON - CHROMIUM - CHLORINE 
COBALT — HYDROGEN — HELIUM — IR DIUM — IRON - LEAD — MAGNESIUM — MERCURY — MOLYBDENUM 
NICKEL — NEON — NITROGEN — OXYGEN — POTASSIUM — PHOSPHORUS — PLATINUM — SODIUM — SILVER 
SILICON — STRONTIUM — TUNGSTEN — THORIUM — TANTALUM - TITANIUM — TIN — ZINC — RARE EARTHS 


Fit., ini 
































































THE VACUUM TUBS 


— Filament 


The great work of such scientists as Richardson, Langmuir, Wilson, 
Thomson, and many others in this field has provided the foundation for 
the study of electronics. It can now be stated authoritatively that 
certain metals, when heated to incandescence in a vacuum, emit, or 
evaporate, electrons Since electrons are negative particles of electricity, 
they are attracted to any body ji 

having a positive charge. Thus, 

when a conductor is introduced / N. 

in the same vacuum as an incan- / _ \ 

descent emitter, the electrons from / y Envelope 

the latter are strongly attracted to i / \ I 

the conductor, constituting a flow \ I J / 

of current between the two ele- \ \ / / Eilament 

ments. Since the cold secondary \ l P / / 

conductor must be positive with \ \ / / 

respect to the source of electrons, \ \ / / 

it is called the anode. It is also \ / / 

commonly referred to as the plate, 1 / 

since in its early form it was a l / 

i octangular plate. The emitter of 1-1 

electrons, that is, the metal that I- ' 

is heated to incandescence, is called 

the cathode, since it is negative - - 

with respect to the plate or anode. 

Modem vacuum-tube cathodes aic _£_ 

usually constructed of thoriated 

tungsten or oxide-coated Konel -^!l|l I Ip- 

metal. The thoriated cathode is lin rin „, „ . 

Km 102 The Eilmon ollect. When the 
composed of tungsten 111 which hwitih is eunnoeted to pouii A t the goJvano- 
about J per cent of tlioiiuill oxide tnetoi doom not legist**; when ronnectod to 
and a am all amount of carbon !' 1 ,,int , B ’ B n °* of rt ,m,M,Bted ** 

i __ , th< gim jinometPi 

have been dissolved. The entire 

cathode is then coated with an extremeh thin layer of tiie metal thorium. 
The Koncl-metal cathode utilizes a base of Kernel metal upon which 
successive coatings of barium and strontium oxides have been applied. 
Konel metal is an alloy of nickel, cobalt, iron, and titanium. 

The Fleming Valve. One of the first to find practical application for 
the Edison effect in thermionic tubes was the British scientist Fleming, 
The conductivity of a vacuum tul>e having a cold anode and a hot cathode 
is unilateral, since the electrons from the cathode are attracted to the 
anode only when the latter is positively charged. When the anode is 
made negative with respect to the cathode, the electrons are repelled 
from it, and zero current flows in the circuit. Fleming utilized this 
“rectifying” characteristic of the vacuum tube for ihe detection of 


Kw 102 The Edimm ollect. When ihe 
hwitih is eunnorted to point A, the goJv&no- 
tnetoi doos not legistov ; when ronnectod to 
point B, ft flam of rurrent is nulioated by 
tltf gnl\ iinoinetoi 
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damped h-f waves. The famous Fleming valve patent was granted to 
him for this application in 1905. The term “valve” is of British origin 
and in this sense is synonymous with the American word “tube.” The 
following discussion will bring out the appropriateness of the term. 

The principle of thermionic rectification as first applied by Fleming 
is widely utilized in modem radio equipment for the purpose of con¬ 
verting 60-c alternating current to direct current. As will be seen in the 
forthcoming treatment of the thermionic amplifier, direct currents ore 
necessary for the successful functioning of n vacuum tube as an amplifier. 



A A A A 


(h) 

Fici, 103. (u) Elemoji1.ii> fortifier cur uit (h) Wave forms lor Llio uinut of (a) 

The circuit of a typical 60-c vacuum-tube rectifier is shown in Fig. 103, 
with a graph of the input voltage and output current. The cathode 
heating circuit has been omitted since it takes no active part in the 
rectifying action. Analysis of the input-voltage form discloses that for 
the first alternation the plate is positive with respect to the cathode. 
During the first 90 r of the cycle, the charge on the plate varies from zero 
to maximum (peak voltage). As this positive charge on the plate increases, 
the number of cathode electrons that are drawn to the plate increases 
in proportion, owing to the progressively greater intensity of the positive 
charge. The current that flows in this plate circuit, therefore, varies in 
accordance i*ith the impressed sine wave of voltage. During the following 
90° period, the impressed voltage falls from maximum to zero, and, 
consequently, the plate-circuit current falls to zero. On the following 
alternation, the charge applied to the plate is opposite in polarity. The 
electrons emitted from the cathode are repelled by the negatively charged 
plate, and none of them arrives at the plate. Hence, no plate current 
flows. Since the impressed voltage is negative for the entire alternation, 
the plate current is zero throughout this entire alternation. On the 
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following cycle, the identical process is repeated resulting in an output 
current form as graphically -depicted in Fig. 103(b). 

It will be noted that this output current consists of |>eriodie pulses of 
direct current. This pulsating direct current is filtered (by means described 
in a later chapter) until a smooth nonpulsating direct current is obtained 
for practical use. The losses (luring the entire process are considerable, 
and the amplitude of the resulting 
smooth output current is appreoi 
ably less than the ]M?ak output value 
of the rectifier. 

The De Forest Audion. The noxt 
major improvement in the develop¬ 
ment of the vacuum tube w as made 
by Dr. Lee De Forest. I)e Forest 
inserted a third element, which he 
called a grid, between the cathode 
and plate of the vacuum tube. A 
moans was thus provided for con¬ 
trolling the flow of electrons in the 
audion, as he called the device. This 
control grid enables the vacuum 
tube to function as both an ampli 
fier and an oscillator. The t remen 
dous potentialities of the three 
electrode tube, or triode, and the 
rapid development of the science 
of radio that resulted from its in 
vention earned for De Forest the 
sobriquet of “the father of radio.” De Forest was granted a patent for 
his triode in 1907. 

The control grid received its name from its resemblance to a gridiron 
(see Fig. 104). It is composed of several strands of ^ery fine wire in the 
shape of a gridiron and is inserted m the electron path between the 
emitter and the plate. If a steady positive charge is applied to the plate, 
there will be u continuous flow of electrons from the filament, or emitter, 
to the plate and a resultant flow of plate current in the external circuit 
which is essentially constant in amplitude Since the wires of the grid 
are comparatively widely separated, tlie electrons encounter little opposi¬ 
tion from the physical structure of the grid. 

If the control grid is made positive with respect to tlie emitter, the 
velocity of tlie electrons that leave the emitter is greatly increased and 
a greater number of them are attracted in the direction of the grid and 
plate. Since the grid is much closer to the cathode than the plate, a 
positive charge on the grid has a corres]icmdingly greater effect upon the 
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electrons. As the electrons pass through the grid, they come under the 
influence of the more powerful plate charge, and most of them continue 
on to the plate as before. A small portion of the electron flow, however, 
is attracted to the grid, causing a flow of current in the external grid- 
cathode circuit (see Fig. 104). Nevertheless, the net result of making 
the grid positive is an increase in plate current. 

This control-grid action is perhaps more easily followed if one considers 
the action of the emitter at first with no external charges in the vicinity, 
that is, no charge on plate or grid. With no positive charge about, the 
electrons emitted from the filament hover in the vicinity of the filament. 
As the emission continues, the electrons that a ere emitted earlier have 
a tendency to repel those emitted later, since the outer electrons constitute 
a negative charge in themselves. The result is a random cloud of electrons 
in the vicinity of the filament that forces some electrons back to the 
filament. This is called the space charge, since it constitutes a negative 
charge in space. When a positive potential is applied to the plate, a portion 
of this positive charge is utilized in neutralizing the space charge. The 
remaining positive charge can be thought of as active in accelerating 
the flow of electrons as they are attracted to the plate. The neutralization 
of the space charge allows electrons to be emitted from the filament 
practically unimpeded by any space charge. 

Since the grid is physically nearer the filament than is the plate, a 
small positive potential applied to the grid vn ill have the same effect as 
a large positive potential on the plate. The grid therefore takes over the 
job of neutralizing the space charge. The positive potential of the grid 
so near the source of emission speeds up the escape of the electrons and 
prevents the building up of a high negative space charge. The positive 
plate charge is consequently free to cany on its primary function of 
attracting the electrons. 

Tf the grid is made negative with respect to the filament, the effect is 
the same as if an increase had been mude in tlie negative space charge. 
The grid then acts as a barrier that resists the passage of electrons. Some 
electrons do succumb to the attraction of the positive plate charge, but 
the net result is a decrease in plate current. Since the grid is negative, 
no electrons at all are attracted to it,* and no current flows in the external 
grid-catliode circuit. Tf the negative charge on the grid is made suffici¬ 
ently high, the equivalent space chargo becomes so great that no electrons 
reach the plate and plate current becomes zero. When this condition is 
reached, the tube is said to have been “blocked.” 

It was not long before the original style of tube structure was improved 
upon. The inefficiency resulting from the use of planar elements as shown 
in Fig. 104 disclosed that a large portion of emitted electrons hovered 

* A few high-velocity elect rone are emitted by the lieat oil cathode. TIipho high-velocity 
electron*) strike the grid and ore returned to the cathode en at high values of negative bias. 
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about the filament on the side away from the plate. They were thus not 
subject to the positive charge of the plate to so great a degree, and many 
of them never reached the plate at all. Modem tube design makes use 
of grid and plate elements that entirely surround the emitter. Such 
elements arc often cylindrical in form, as in Fig. 105(a), and frequently are 




Km, 105 Modern tnorle I’onstiuction (a) t'jdindiudl (b) Rectangular, 

manufactured m the rectaugulai shupe shown m Fig 105(b). This type 
of construction utilizes to the fullest extent the 4 emission of the filament. 

The batteries originally employed to operate triode vacuum tubes 
were given separate designations to distinguish between their functions. 
The battery used to heat the filament, or emitter, to incandescence was 
called the “ A battery/’ The battery supplying the plate with its necessary 
positive charge was called the “B battery. 1 ' As will lie seen later, a third 
was sometimes employed to give the grid a specific average potential. 
Such a battery was called a “0 battery.” 

The use of batteries was soon outmoded w hen the thermionic rectifier 
was develo]ied to the point where 60-c alternating current could be 
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converted to direct currant economically and practically. The B and 0 
batteries were replaced by power supplies, often called power packs. 
They retained their original designations, however, and power packs are 
still called B packs and 0 packs, depending upon their application. 

The replacement of the A battery presented certain complications, 
however. Because of the comparatively large current drain of the filament 

-put* a vaimim tube, it was not prac- 

^ -- tical *° instinct a rectitier to supply 

MV' ~ Gn{i this current, especially when, aa was 

j( Dth_ almost always the case, there were 

I several vacuum tubes to be supplied. 

°| * /^ \ V 0 Alternating current, it was found, 

q o could not be applied directly to a 

| filament for heating purposes because 

° ^ Xy ° the vai * a i< ons m amplitude of the 

o |o alternating current caused a pro por 

3 A tional v anal ion in the electron crnis- 

0 X\ ° sion. The resulting variation in plate 

0 s' o current occurred .it double the fro 

TxH ipicncy ot the alternating current 

° ° usually 00 c, causing a hum of 120 c. 

-Jr -k N The hum level was so high that it 

* CaLhod ■* precluded the use ol this type of A 

HtJ'w supply. 

In Jatei years tlu* indirectly heated 
ty 7 [)c of emitter was develojied. 
Here the construction employs a 
hot lil.imcnt, surrounding which the 

F«. ( ula W ..> ,1 t.io<k. tulH« H( . hu] elllil(er bu , lt T , r . emjttcr 

HnnuniK indued neuter const tin tuni 

is electrically insulated from the 
heater, as this type of iilament is called. By conduction and ladiation 
the healer heats the emitter, culled the "cathode,” to incandescence, 
ami the lattci thereupon emits electrons. Alternating currents may be 
applied directly to the heater with such an airungement without deroga¬ 
tory 00 <* hum components in the plate current. The variations of the 
amplitude of the alternating current arc so rapid, compared with the 
time lag in heat transmission, that substantially no variation in electrons 
emitted from the cathode occurs. Figure 100 is a cutaway illustration 
of a typical indirectly heated ty pc of triode. 


Fit, CuluwH> mom if Inode UiIh* 

shoving indued lipiitcr eonstnu tion 


THE VACUUM TUBE AS AN AMPLIFIER 

General Theory of Amplification. The action of a triode as an amplifier 
is best understood by analyzing the action of such a tube as the applied 
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voltage is varied. Figure 107 illustrates an elementaxy triode amplifier 
circuit. The heater circuit is omitted, since it takes no part in the 
amplifier aotion. The grid-cathode circuit is called the input circuit 
because normally the signal voltage to be amplified is impressed across 
this circuit. The plate-cathode circuit is called the output circuit because 
the amplified output voltage is taken from this circuit. The output load is 
represented by the resistor B L . The 0 battery is so arranged in the input 
circuit that the grid can be made either positive or negative with respect 
to the cathode at will, thus simulating any condition of signal voltage. 

Tf the arm of the potentiometer P in Fig. 107 is adjusted to the mid¬ 
point of its range, there will be zero impressed voltage across the input 
ciicuit that is, the grid will be neither positive nor negative with respect 
to the cathode. The plate current as indicated on the ammeter A will 



remain at a constant value. Assume this value to be 10 ma to facilitate 
explanation. If the voltage of the 13 battery is increased by 10 v, it 
follows that the plate current will be increased. Let us assume that the 
amount of plate-current increase for tliis condition will be 1 ma, then 
11 ma of current will flow in the plate circuit. Conversely, decreasing 
the plate voltage a similar amount from normal will cause the plate 
current to decrease by the same amount (l ma) 

If the plate voltage is returned to normal and the gnd voltage is 
veiled, it will also be found to have an effect on the plate current. It will 
be found that making the gnd negative with ies]ieet to the cathode bv 
only 1 v will decrease the plate current by 1 ma Conversely, making 
the grid positive by 1 v will increase the plate current by 1 ma Varying 
the grid voltage only 1 v in this case has the same effect upon the plate 
current as varying the plate voltage 10 v. Thus, if an alternating voltage 
with a ]H*ak value of 1 v w ere impressed across the input circuit of this 
tube, the effect upon the plate current would be the same as if an altern¬ 
ating voltage with a peak value of 10 v were impressed across the output 
circuit. Expressed in another way, the impressed 1 v of alternating 
voltage has been “amplified” by the tube 10 times. It should bo remem¬ 
bered that the numerical values used above have been arbitrarily chosen 
and do not refer to any specific type of tube. 
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Actually, the term “ amplifier ” is a misnomer. The impressed signal 
voltage, instead of being amplified, was reproduced in the plate circuit 
with much greater amplitude. The comparatively powerful current of 
the B battery was given the identical characteristics of the impressed 
grid voltage. The vacuum tube really acts as a valve that controls the 
amplitude of the plate current in accordance with the amplitude of signal 
voltage on its grid, and from this analysis the British use of the word 
“valve” to mean vacuum tube received its derivation. In commercial 
telephone practice, vacuum-tube amplifiers arc often called '‘repeaters.” 
In this respect both valve and repeater are more accurate representations 
of the action of a vacuum tube. 

Saturation. With a given fixed heatci voltage (fixed amount of 
electron emission from the cathode), more and more electrons will be 
attracted to the plate as the plate voltage is increased. As the increase 
is continued, however, a point is eventually reached where all the electrons 
being emitted from the cathode are being attracted to the plate. Beyond 
this point further increase in plate voltage does not increase the plate 
current. This point is called the plate saturation point of the tube. 

If the plate voltage is fixed at a certain operative value and the heater 
voltage is increased, another type of saturation occurs. At zero heater 
voltage, no electrons arc being emitted from the cathode and plate 
current is zero. As the heater voltage is increased, the plate current 
rises, owing to the emitted electrons that arc attracted to the plate. 
Soon, however, the cathode is emitting electrons faster than the plate 
can attract them. The surplus electrons (those which do not get to the 
plate) form a negative space chaige which further hampers the flow of 
electrons to the plate. Finally, a point is readied where further increasing 
the heater voltage does not increase the plate current, because of the 
amount of space charge which has been built up. This point is called 
the cathode saturation point of the tube. 

After the cathode saturation point has been reached, the only way to 
increase plate current is to increase the plate voltage, thus neutralizing 
part of the space charge. When neither increasing the heater voltage nor 
increasing the plate voltage of a tube will increase the plate current, the 
tube is said to be operating at peak saturation point. Peak saturation is 
therefore due to the combined effects of cathode and plate saturation. 

VACUVM-TUBE CHARACTERISTICS 

Amplification Factor. The amplification propensities of a given tube 
depend primarily upon the tube-element structure. The proximity of 
the grid structure of a tube to the cathode governs the extent of control 
exercised by a grid charge over the electron flow. Similarly, the proximity 
of the plate to the cathode governs the extent of control that a plate 
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charge has upon the electron flow. Hence, it follows that the interelectrode 
dimensions of a tube (plate to cathode and grid to cathode, as well as 
grid wire spacing) regulate the relative degree of control exercised by the 
two elements (plate and grid). Thus, if the plate is twice as far removed 
from the cathode as is the grid, jt is obvious that a given charge on the 
grid will have a greater effect upon the electron flow (and resultant plate 
current) than will the same charge on the plate. In the illustration cited 
earlier in this chapter it was found that a 1-v charge on the grid had the 
same effect on the plate current as did a 10-v charge on the plate. Stated 
in another way, it could be sai 1 that a 1-v charge on the plate of this 
tube would have only one tenth as much effect on the plate current as a 
1 -v charge on the grid. Inasmuch as the grid (input) voltage has the same 
effect on the plate (output) current as does a voltage 10 times greater, 
it is said that the tube has a gain of " 10 times. 9 ’ The expression for the 
amplification that it is theoretically possible to realize from a tube is 
called the amplification factor. Thus, the tube mentioned above has ar 
amplification factor of 10. Amplification factor may be defined as the 
change in plate voltage necesbcny to produce a change in plate current divided 
by the change in grid voltage necessary to produce the same change in plate 
cut tent. Expressed mathematically, 

dhl 

amplification factor -- ^ for the same dl p , (1) 

whore tlE n change in plate \oltage; 

dE a - change in grid voltage, 
dl v - change in plate cunent. 

(The Icttei d is the customary mathematical symbol denoting increment 
or change ) 

The mathematical symbol for amplification factor is the Oreek letter 
/(, pronounced “mu '’ as in music. 

Amplification factors of over 1,000 aic not unusual in modem tubes. 
As will be seen later, however, such high amplifications are not obtained 
in actual practice, because of the limiting oiieuit factors that must be 
taken into consideration. 

Plate Resistance. The plate resistance is an important tube constant 
winch must be considered in vacuum-tube circuit design, regardless of 
the tube application It should not be confused with the d-e resistance 
of a tube. The latter is obtained from the Ohm’s law relation between 
the d c voltage and cuiTent in the plate circuit. It is well to stop at this 
point and consider the nature of the complex plate current in a tube 
circuit when a signal voltage is impressed on the gnd 

With no signal voltage present in the input circuit, the plate current 
of a vacuum tube would be uniform in amplitude, as is illustrated by the 
graph in Fig 108(a). If a pure sine wave of alternating voltage were 
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impressed on the input circuit of the tube, the plate current (assuming 
no distortion in the tube) would appear as in the graph of Fig. 108(b). 
The variations in plate-current amplitude would be identical in form to 
the original impressed sine wave. Despite the fact that this current is 
unidirectional (it is still direct current), the variations in amplitude will 
have the same effect on any a-c-operated device as would a pure altern¬ 
ating current of the same amplitude variation. Thus, if the pulsating 
direct current of Fig. 108(b) were passed through the primary of a trans¬ 
former, the output of the secondary Hide of the transformer would be 
alternating voltage, since the transformer denials for its operation upon 
the variation in amplitude of current, not upon the reversal of polarity. 




Fii,. JOS. Nature of tho current in u vacuum-tube plate circuit, (uj current 

with no qignHl voltage (h) Plate current m itli hine-^aic signal voltage. 

The value of alternating voltage obtained from the secondary would be tho 
same as that obtained if an alternating current of the same effective value a h 
the pulsating portion of the direct current had been applied to the primary. 

It should be remembered that the smooth portion of the plate current 
takes no active part in the output operation. Thus, if the normal smooth 
plate current (no grid voltage present) were 10 nia and an exciting grid 
voltage caused maximum and miidmum currents of 1 5 ina and 5 ma 
alternately (see Fig. 108[bJ). the effective varying portion of the plate 
current would be 3.5 ma. This value is obtained by multiplying the peak 
variation from normal (5 ma) by the factor 0.707, and this portion of the 
plate current is called the “a-c component” of the plate current because 
it is capable of accomplishing the same amount of work as an alternating 
current of the same effective value. Thus, in the example above, the a-c 
component of the plate current will accomplish the same amount of work 
as an alternating current having an effective value of 3.5 ma. The d-c 
component of plate current refers to the normal direct current flowing in 
the circuit (nonpulsating). 
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The d-c resistance of a tube (the resistance between plate and cathode) 
i B obtained by simply applying Ohm’s law with no other resistance in 
the circuit. Thus, „ 

** - r ( 2 ) 

1 p 

where E v -= d-c ])laie voltage applied to the tube; 

7 P - d-c plate current with no grid voltage present. 

This d c resistance is by no means a constant, for it depends upon the 
particular value of grid voltage as well us the |>1ate current, and lias very 
little significance in itself iu practical radio problems. 

The dynamic, or a-c , plate resistance, on the other hand, is a very 
important quantity and is approximately constant for a given operating 
range of a tube. It dejiends on the change in plate current resulting from 
a change in plate voltage. Mathematically, this dynamic plate resistance, 
commonly called simply plate resistance, may be expressed: 


A* 



w 


where R i} plate resistance of the tube; 
dE tt change in plate v oltage; 
dip change hi plate current resulting from dE v . 

For this definition, the changes in plate voltage and plate current are 
to ho slow changes. If the changes are rapid, as is the case when the tube 
iH operating at radio frequencies, the plate and cathode act as a capacitor 
introducing a shunt capacitance in the circuit. In this case the opposition 
to a-c plate current is an impedance, rather than a pure resistance, and 
is called plate impedance. 

Mutual Conductance. It would seem at first glance that the amplifica 
lion factoi of a tube is the ideal constant to employ when comparing the 
relative efficiencies of several tubes. Tt is, of course, desirable to have the 
amplification factor as high as possible when choosing a tube as an ampli¬ 
fier Nevertheless, the maximum amount of amplification (as evidenced in 
the a-c plate current component) is not necessarily realized from the tube 
having the highest amplification factor. The plate current (a-c component) 
is a function not only of circuit voltage but also of the resistance. 

An equivalent circuit for the plate circuit of a vacuum tube is shown 
in Fig. IOD(a). The a-c voltage impressed across this circuit is equal to 
the impressed grid voltage E„ multiplied by the amplification factor of 
the tube, pE a , The a-c component of the current that flows in this plate 
circuit is, then, according to Ohm’s law, equal to 


, f f E lt 

" "" Up f Rl 

where R p = plate resistance of the tube; 

R l - resistance of the load to which the tube is coupled. 


( 4 ) 
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It is apparent that the amplitude of the a-c plate-current component 
depends not only upon the amplification factor of the tube but also upon 
the plate resistance. Thus, if two tubes have amplification factors of 
250 and 350, respectively, the latter tube will not necessarily produce a 
larger output for a given input voltage. If the latter tulie has a very large 
plate resistance, its output might conceivably be even less than the 
former. Obviously, the amplification factor is not sufficiently indicative 
of a tube’s efficiency to serve as a “figure of merit'’ for the tube. 

To fulfill the need for such a figure of merit, the term mutual conduct¬ 
ance was created. It was conceived by Hazeltine in 1918 and is often 
called transcondnctance. Mutual conductance combines amplification 


R P 
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factor and plate resistance in a ratio which is representative of a tube’s 
circuit efficiency. Mathematically, it is equal to 

O m ---- (5) 

■I* P 

where G m - standard symbol for mutual conductance in mhos: 

R u plate resistance of the tube; 
jn amplification factor of the tube. 

The following conclusions may be drawn: the higher the mutual 
conductance of a tube, the higher its efficiency, the lower the plate 
resistance of a tube for a given amplification factor, the higher the mutual 
conductance, the higher the amplification factor for a given plate* 
resistance, the higher the mutual conductance. 

The mutual conductance of a tube may be measured directly with the 
set-up in Fig. 107 if the plate load R L is equal to zero. The equivalent 
circuit for this condition is illustrated in Fig. 109(b). For this circuit, 
Eq. (4) becomes 

/„, = JF„ (») 

tip 

where E g is the n-c grid voltage. G m is then the ratio of the a c plate 
current to the a-e grid voltage when R fi equals zero. 
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The mutual conductance may also be expressed in terms of current 
and voltage changes. According to Eq, (1), 
dE v _ 

f* — for constant plate current. (1) 

According to Eq. (8), 

_ ifJB, _ 

n p -- for constant grid voltage. (3) 


(Substituting the equivalent values for ft and B p obtained from Eqs. 
(1) and (3) in Eq. (fi), 

dE n 



( 7 ) 

W 


Mutual conductance is seen, therefore, to be a direct ratio of the plate- 
current change for zero plate load to the grid voltage change. Mutual 
conductance iH usually expressed in micromhos. 

Characteristic Curves. The action of the vacuum tube is itself a 
phenomenon. It bears no relation to any of the phenomena previously 
encountered in electrical science. When au anode was lirst placed in a 
vacuum with a hot cathode, it was the first time in history that current 
flowed across an open space without the usual accompanying arc or 
ionization of gas. As such, it wa- found that the currents and voltages 
in a thermionic* circuit do not act in accordance with the law T s heretofore 
formulated. For example, the currents and voltages (a-c components) 
in the plate circuit of a vacuum tube do not vary in precise accordance 
with Ohm's law' at all times. Consequently, new methods of computation 
were devised utilizing graphs b;\ means of which a vacuum tube's per- 
formnnee can be predicted for given circuit conditions. Such graphs are 
necessary adjuncts when any calculations are to be made concerning a 
vacuum tube eircuit. They are empirical in origin, that is, they are 
obtained by actual measurement of circuit constants under varying 
conditions and are called characteristic curves. Characteristic curves for 
specific tubes are customarily provided by the tube manufacturers. 

There are three variables that affect the plate current in a vacuum 
tube: the plate voltage, the grid voltage, and the heater voltage. Under 
ordinary conditions, the cathode is operated at or near saturation point. 
The heater voltage is maintained at a specific fixed point at which maxi¬ 
mum operating efficiency is obtained, so that this voltage may, therefore, 
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be considered a fixed value in actual practice. With the heater voltage 
a constant, the plate current is dependent upon two remaining variables 
—the grid voltage and the plate voltage. The manner in which these 
variables affect the plate current is a function of the tube characteristics. 
When the variations in plate current resulting from variations of either 



the grid voltage oi the plate voltage are plotted in graphs, the resultant 
curves obtained are characteristic curves. 

Grid curves are the characteristic curves obtained when plate current 
is plotted against grid voltage with the f)latc voltage constant Figure 
110 illustrates a single grid curve for a triode tube, in which the grid 
voltage is plotted on the A T axis and plate current on the Y axis. Such a 
curve is not complete unless the value of plate voltage at which it was 
computed is known. The curve of Fig 110 gives the value of plate current 
for various values of grid voltage w T ith the plate voltage fixed at 300 v 
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for a type 0C5 tube. Since the amount of information obtainable from 
a single curve of this type is limited by the condition of fixed plate voltage, 
standard practice is to provide a number of such curves for a given tube. 
Such a group of curves gives the relation of plate current to grid voltage 
for a number of different values of plate voltage and is called a family 



of grid curves. Figure 111 illustrates a family of grid curves for the type 
6C\ r > tube. Grid curves arc also commonly called “ E g I T curves.*' 

Some important and interesting facts may lie ascertained from grid 
curves: From the steepness of the curve the amplification possible with 
the tube may be obtained, from the degree of linearity of the curve, the 
amount of distortion is learned, and the proper portion of the curve over 
which to operate the tube is thus deduced. In short, the proper values 
of grid and plate voltage necessary for maximum output and minimum 
distortion may be ascertained from insj>ection of a grid family of curves. 
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Figure 112(a) illustrates a single extended grid curve for a GC. r > tube 
at a plate voltage of 100 v. Suppose that the tube is to be used as an 
amplifier of pure sine-wave alternating current with a peak value of 1 v. 
This alternating voltage can be projected on the graph, as shown in Fig. 
112(a). It is at once apparent that considerable mutilation of the plate- 



Kii,. 112(a). Input und output wuvo forms ini a ♦>('.> tube Djmrnlmp ns mi mnplifji*i 
without bins vullnpp. Notiut tho output ilistoitioii dun to the (uivatuiu of tho 
1 ‘lmrac ton stir. 

eurrent wave form occurs The plate-cuneut coinpotient is not identical 
with the input signal voltage, that is, distortion has occurred because the 
tube was ojierated at the upj)er bond of the grid curve. There is a lack of 
linearity because the grid is positive on every other alternation of the 
signal voltage. The plate current, therefore, does not increase as it should, 
because part of the electrons, instead of going to the plate of the tube, 
are attracted to the positive grid, causing a flow of current in the grid 
circuit. Obviously, in order to minimize distortion of this nature, the 
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tube should be operated over a linear portion of the grid curve* In order 
to accomplish this, a fixed value of d c voltage is impressed across the 
grid-cathode circuit of the tube, which can be done by inserting a battery 
in this circuit. (Several methods of obtaining grid bias are discussed 
laier in the chapter) For the (K'fi tube under discussion, a 2-v battery 



Flu. IJ 2(h) Input mid output «aio lomis for (>(’5 tubt» opozatnitf with - 2 v. bias. 
Not ico tho s>mmoti\ of tho output toiru iind tlie tnoi ill nmplifirution 

would serve adequately. Tins brings the o|>crating point of the tube 
into Ihc approximate center of the bnear portion of the curve. The 
impressed 1-v alternating emf would subsequently cause the grid voltage 
to vary from - 1 to — !i v. The operating point would never be off the 
linear portion of the curve. The projected voltage and resultant plate 
current for this condition are illustrated in Fig. 112(b). The d-c voltage 
used for this purpose is called the bias voltage; and a tube operating 
under these conditions is said to be biased, ff a battery is used to provide 
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the bias voltage, it is called a G battery to distinguish it from the A and 
B batteries used in other parts of the circuit. 

Plate curves are the characteristic curves obtained when the plate 
current is plotted against plate voltage with the grid voltage constant. 
In common with the grid curves, plate curves are also customarily plotted 
in families, each separate curve expresses the relation of plate current 



/ 1 it'r i )l f 

Fn, 113 \ lamil\ nl h t /, cun os lor <i tvfH* (i( 5 In bo 

to plate voltage for a different value of grid voltage. Thus a maximum 
amount of informal ion is derived from a single graph. 

From a family of plate curves, all the constants of the tube may be 
calculated, and the performance of the tube when connected into a circuit 
of known electrical constants can be foretold from these curves. A family 
of plate curves for the HG5 tube is shown in Fig. 113. The application 
of plate curves is discussed in a later part of this chapter. 

AMPLIFIER CLASSIFICATIONS 

Although it would appeal* that every amplifier tube should be ojierated 
at the center of the linear portion of its grid curve, it is often desirable 
to operate a tube at other points of the curve. The advantages of such 
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operation will become evident an this discussion progresses. Tn older to 
distinguish between amplifiers operated at different points of the grid 
curves, they have been divided into three broad classifications: class A 
amplifiers, class B amplifiers, and class C amplifiers. 

(Hass A Amplification. A class A amplifier is one in which the grid 
bias and the exciting grid voltage (signal voltage) are such that the plate 
current through the tul>e , 
flows at .all times. Such an p 
amplifier operates at the 
center of the linear portion 
of its grid curve, and the 
plate output wave form is 
essentially the same as that 

of the exciting grid voltage. / 

For normal class A opera- / 

tion, the grid must not be / 

allowed to go positive on ^ / «-t-+ 

excitation peaks, and the r -x— 

plate current must not fall / 

low enough at its minimum s ~ 

to cause distortion resulting W- ——-- - 

from operating on the lower / 

curved portion of the char ^ / 

acteristic. Hass A .impli- j- 

fication is accomplished by / 

negatively biasing the tube ^ J 

by an amount that will / 

keep the operatmg point at 

the center of the linear por -d-(i - 4 t" > "5 1 Y71 

tion of the E g -7 P curve. For 
a sjiecilic class A applies- 

tion, a tube is chosen whose .., T . . . , . P , A 

gild characteristic curve is 0|3(nft t 10 n 
long enough to prevent the 

signal voltage from traversing either the upper or the lowei curved 
portion of the characteristic. The grid curve of a tube operating class A 
is illustrated in Fig. 114 with the input and output wave forms. 

('lass A amplification is used wherever it is desired to obtain good 
fidelity and where efficiency and gam |jer stage are not of paramount 
importance. 


FJ4, 114 
opni ation 


Input and output Mine form* for Hass A 


Class B Amplification. A class B amplifier is one in which the negative 
grid bias is kept sufficiently high so that very little or no plate current 
flows in the absence of exciting signal voltage. The value of bias is such 
that any positive signal making the grid less negative will allow T plate 
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current to flow. The point on the grid curve at which such operation 
occurs is called the cutoff point, since plate current cease*? to flow, or is 
cut off, when this value of bias is reached. In such ail amplifier, plate 
current flows during one half of the cycle when an exciting grid voltage 
is present. The ideal class B amplifier is one in which the alternating 

Ip 



component of plate current is an exact replica of the alternating grid 
voltage for the half cycle during which plate current flows The charac¬ 
teristics of class B amplifiers are medium efficiency and output. Figure 
11/5 illustrates the grid cmve of a class B amplifier with the input and 
output wave forms. 

It is at once apparent that the output of a single tube operating class 
B is by no means identical with the input w T ave form. The alternating 
component of the plate current consists of a Reries of pulses corresponding 
to every other half cycle of input voltage, (lass B amplifieis, therefore, 
utilize two tubes j>cr stage operating push pull. A push-pull circuit 
(described in detail in Chaj). XU) is an arrangement wherein the same 
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signal voltage is applied to the input circuits of two class B tubes in such 
a manner that each tube 'functions during the half cycle in which the 
other tube is idle. The outputs of the two tubeB are coupled 180° out of 
phase to a common load, thus completing the original wave form. A 
schematic diagram of a typical push-pull amplifier iH shown in Fig. 116. 
The input and output wave forms for such an amplifier operating as 
class B are shown in Fig. 117. 

Class B amplifiers are used where very high output of good quality 
utilizing fairly small tubes operating at relatively low plate voltage is 
desired. Unusual over-all economy of power consumption is possible 
because the plate current is low (zero under ideal conditions) when no 
signal is applied to the grid. By designing class B amplifier tulles with a 



sufficiently high amplification factor, it is possible to operate them with 
plate-current cutoff occurring at or near zero gnd voltage on the grid 
curve. It is therefore possible lo dispense with V batteries and bias 
lcsistors. 

Class C Amplification. A class (J amplifier is one in which the grid 
bias is kept at a value appreciably lieyond the cutoff value. The plate 
current in each tube is zero when no exciting grid voltage is present. 
Plate current ilows in eucli tulx* for appreciably lew than one-half of 
each cjcle when an exciting grid voltage is present. Figure 118 illustrates 
the input and output wave form for a single tube of a class V amplifier. 
Olass V amplifiers are characterized by high pi ate-circuit efficiency and 
comparatively high distortion. 

('lass C amplifiers find application where high plate-circuit efficiency is 
a paramount requirement and where departures from linearity between 
input and output are permissible. The inherent distortion in this type 
of amplification precludes its use for any kind of voice-modulated signal 
or for audio frequency, (’lass 0 amplifiers are not used in receivers but 
find their greatest applic ation in transmitters as r-f amplifiers. They are 
used in tclcgiaph transmitters and in telephone (broadcast) transmitters 
in stages preceding the modulated stage. 

Intermediate Classifications. It is often convenient to have terms to 
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identify amplifier services when the operating conditions are intermediate 
to those of classes A and B or to those of classes B and C. Such operating 
conditions have been classified as class AB and class BL\ respectively. 

A class AB amplifier partakes of the characteristics of both the class 
A and the class B amplifiers, although not adhering strictly to either. 



Fiu. 117. Input utul oiitpul wiivi 1 forum fix two tulx*h operating duv It in n piisli-pull 
amplifier. 

The grid bias and exciting grid voltage in a class AB amplifier are kept 
at such a value that plate current flows during appreciably more than 
180° but less than 360° of the cycle. The no-Bignal plate current and 
resultant plate dissipation can be made substantially less with this class 
of amplifier than is possible with the class A. The class AB amplifier 
retains the advantages of class B operation and at the same time over¬ 
comes the chief objection to (‘lass B amplifiers —tiie distortion attendant 
with low values of signal voltage. A class AB amplifier tends to operate 
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class A with low values of signal voltage and class B with high signal 
voltages. This Glassification is widely used wherever it is desired to obtain 
high power output with a minimum of distortion. 

A class BO amplifier is one in which the grid bias and exciting grid 
voltage are kept at such a value that plate current flows during a con¬ 
siderable portion of the cycle but less than 180°. The efficiency and output 
of a class BC amplifier are intermediate to those of the class B and C. 
Class BC amplifiers are not in general use. 



The exciting grid voltage applied to any of the various classes of 
amplifiers can be increased to tho point where the grid becomes ]>ositive 
for a portion of the cycle. Under this condition, current flows in the grid 
circuit and power is. therefore, absorbed by this circuit. In order to 
facilitate the handling of such circuits, the condition of amplifier operation 
may be further identified by the addition of a suffix to the classification. 
The subscript suffix 1 added to the classification of an amplifier indicates 
that grid current does not flow during any part of the input cycle. The 
subscript suffix 2 indicates that grid current flows during some portion of 
the input cycle. Thus, if s class AB amplifier is operated under conditions 
that permit the grid to become positive during a portion of the cycle, it 
should be classified as u class AB a amplifier. If the grid remains negative 
throughout the entire cycle, it should be classified as a class AB X amplifier. 
The latter classification is often referred to as “clajss AB prime.” 

Jfi IN V j 
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GENERAL AMPLIFIER CONSIDERATIONS 

Vacuum-tube amplifiers can be grouped into two divisions so far as 
their application in practical circuits is concerned. An amplifier can be 
used to amplify power or simply to amplify voltage. A tube whose grid 
is negative throughout the entire cycle of exciting grid voltage has no 
current flowing in the grid circuit at any time. No power is required by 
the input circuit of such a tube; all that is necessary to operate the tube 
as an amplifier is to apply a voltage across its grid-cathode (input) circuit. 
Since the grid is always negative, no electrons from the cathode are 
attracted to it. The grid-cathode circuit is essentially open, therefore, 
so far as the input signal is concerned. The amplifier preceding such a 
circuit need only supply ml tag v and is consequently called a voltage 

amplifier. 

If a tube is so operated that its grid is positive during some portion of 
the input cycle, current flows in the grid circuit during this period. Part 
of the electrons emitted from the cathode are attracted to the positive 
grid. These electrons return to the cathode through the grid circuit and 
hence constitute a flow of current in this circuit. The d c bias voltage 
has no part in causing this cuj rent flow, since the bias voltage on the grid 
is negative. The current flow is caused by that portion of the exciting 
grid voltage that causes the grid to go positive. The power expended 
in the grid circuit, therefore, is the product of this porfciou of the excitation 
voltage and the current that it causes. Since the power expended in this 
manner is a function of the excitation voltage, it must lie supplied from 
the excitation source. (‘onfrequently, the amplifier picceding such a 
circuit must deliver sufficient power to drive the circuit propci 1>. Such 
an amplifier is called a power amplifier. 

Either a voltage amplifier or a power amplifier may be opeiatcd under 
any of the classifications previously discussed The restrictions limiting 
the choice of the proper class of amplification are the permissible amount 
of distortion, the available excitation, the magnitude of the output 
required, the plate dissipation, and the plate circuit efficiency. 

The power delivered from the output circuit of a vacuum tube origin¬ 
ates in the d-c plate supply. The ratio of the power usefully delivered 
to the output circuit and the power supplied by the d-c source is an 
indication of the plate-circuit efficiency of the tube. The power not use¬ 
fully oxi>onded in the output is expended in heating the plate of the 
tube and is called the plate dissipation. The amount of [lower that can l>e 
transferred from a tube circuit to a load circuit is dependent upon two 
factors. The first factor is the amount of power available in the plate 
circuit, and the second factor is the ratio of the load resist mice to the 
internal (plate) resistance of the tube. 

The amount of power available in the plate circuit of any tube is a 
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function of the voltage applied to the plate and the current flowing in the 
plate circuit. Hence, it is apparent that in order to obtain high power 
output from a tube, the tube must be o]>erated at a high plate voltage, 
or at a high plate current, or both. Tn the smaller power tubes, such as 
are used in radio receivers, the plate voltage is limited to 250 or 300 v 
by practical requirements. Large power output is therefore obtained by 
increasing the plate current, which necessitates the use of a high-emission 
cathode. The plate in such tubes must be placed in closer proximity to 
the cathode in order that the comparatively small plate charge may 
neutralize projicrly the large space charge of such an emitter. Conse¬ 
quently, tubes of this type are characterized by low amplification 
factors. 

In large power tubes, such as those utilized for transmission, the plates 
are designed to operate at very high plate voltages and relatively small 
plate currents. Higher 
plate-circuit efficiency is 
possible with such tubes. 

Ijess excitation is also re 
quired because the low 
plale current (low cathode 
emission) peimits higher 
amplification factors. Jt 
is evident, therefore, that 
the ty|M‘ of tube best suited 
for power amplification differs fiom the t\qK? of tube best adapted for 
voltage amplification. For the latter application, the powei oulput need 
not be considered at all. 

The ratio of load resistance to internal resistance is a factor that 
affects the transfer of energy (either voltage or power) in any kind of 
circuit Whenever a source of energy is connected to a load circuit, 
maximum power is transferred to the load only under certain optimum 
conditions, and maximum voltage is impressed across the load only 
under certain other optimum conditions. A vacuum-tube amplifier may 
be considered as a source of energy having an internal resistance R p and 
generating a voltage // E g This is shown m the equivalent circuit in Kg. 

1 If), where li L is the resistance of the load circuit. 

It can be shown that in such a network maximum voltage is developed 
across the load resistance when this resistance is made infinitely high. 
Since this is, of course, an impossibility, maximum output voltage is 
attained by making the load resistance as high as possible compared with 
the plate resistance of the lube. This may best be appreciated by 
assuming a theoretical voltage piE n developed by a tube of given plate 
resistance R u and calculating the voltage output for various values of 
load resistance. Thus, if // E g 100 \ for a tube having a plate resistance 


Rp 

-WVA 



>'n,. J l ( l kqimulnnt riiruil for a vacuum tube 
working into a loud. 
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of 1,000 ohms and a 500-ohm load is coupled to the tube, the current 
in Fig. 119 will be 

F i 00 

] = J = O.Ofltf ami). (9) 

R v 4 H l J,500 1 ' ' 

The voltage developed across Ji L will be 

E--JR 0.00(1 ■ 500 = 3,1 v . (10) 


If ]t L is made 1,000 ohms, the total circuit current will be 


E _ 100 
R, \ R f " 2,000 
The voltage developed across R h will l>e 


0.05 amj). 


E I R 0.05 1,000 50 \. 

If R l is made 2 000 ohm*! the total circuit current becomes 


E 100 

“ R v 4 r l " ».ooo 

The voltage develop'd across R t becomes 


0 .0,i:i amp. 


E I ■ R o.o:w 2,000 oh \. 


( 11 ) 

( 12 ) 

(lai 

(14) 


Obviously, as R L is increased, the voltage developed acioss it is in¬ 
creased. Therefore, the ratio of load resistance to plate resistance in a 
voltage amplifier should be made as high as possible in order to attain 
maximum voltage output. In actual practice a load resistance three or 
four times the plate resistance will be found to give satisfactory results. 
In r-f amplifiers, the phenomenon of parallel resonance is utilized to good 
advantage in this respect. The load is taken from a parallel L and € 
circuit, which is operated at resonance and thus offers a very large 
impedance to the plate current: for that reason such circuits function 
very efficiently as voltage amplifiers. 

Maximum power is developed in the load resistance when this resistance 
is exactly ef/im/ to the plate resistance. Thus, it we utilize the figures of 
the above example, the power developed in the load resistance of Fig. 
119 when R L is 500 ohms is 

P - PR l - 0.066 2 ■ 500 - 2.17S w. (15) 

When R l is increased to 1,000 ohms, the circuit current [taken from 
Eq. (11)1 0.05 amp and the power develo]>ed in the load resistance 

becomes 

P - I*R - 0.05 2 ■ 1,000 - 2.5 w. (10) 

When R l is made 1,500 ohms, the circuit current is 0.04 amp and the 
power in R L becomes 

P -= J^R = 0.04® * 1,500 --2.4w. 


(17) 
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When B l is made 2,000 ohms, the circuit current is 0,033 amp and the 
power in the load becomes' 

P _ pp 0.033 s * 2,000 ^ 2.17S w. (18) 


Thus, for values of load resistance higher or lower than the plate 
resistance, the power output falls off. Maximum power output is obtained, 
therefore, when the load resistance equals the plate resistance*. It will 
l)e shown subsequently that although maximum power output is obtained 
under those conditions, maximum und\ storied power is obtained when 
the load resistance is mode approximately twice the plate resistance of 
the tube. 

For a tube of known constants, the power output for varying conditions 
of load resistance can be computed if the excitation \oltage available is 
known. Thus, 

P -/■*„ (19) 


when* P 
/ 

Rl 


power developed in the load resistance, 
plate current in the tube: 
resistance of load. 

J l' E 0 

K, Rl 


( 20 ) 


Substituting the equivalent value of 7 from Eq. (20) in Eq 
latter expression becomes 

n W**. 

(*, ■ R,)* 


(19) the 
( 21 ) 


Substitutions may be made din*etly in Eq. (21) to determine the power 
output for any value oi load resistance when the excitation voltage E„ 
is known. 

Equation (21) can Ik* further simplified for the condition of maximum 
power output, that is, when R p and R t me equal Substituting for R h 
its equal value /?,, Eq. (21) becomes 


and 



W*. 


( 22 ) 


4/f rl ‘ 


(23) 


It should be remembered that the values of excitation voltage E y 
substituted in Eqs. (21) and (23) are rins, or effective, values. 

Load-Line Curves. Figure 113 illustrates a plate family of curves for 
the type ti( 1 5 tube. Such curves, in common with all other curves hereto¬ 
fore discussed, are called static curves, since they give the tube’s perform¬ 
ance for a number of fixed, or static, conditions. In order to predict 
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accurately the jierformance of a tube under actual operating conditions, 
it is necessary to utilize curves that represent this performance under 
actual circuit conditions. Such curves are called dynamic curves because 
they give the performance of the tube in the presence of a continually 
varying excitation voltage. 

Thus, suppose it is desired to operate the 6C5 tube mentioned above 
as a power amplifier with a plate voltage of 150 v and a negative bias 
of — 4 v. The operating point on the plate family of Pig. 113 will be 
fixed at point A on the E 0 — — 4 curve. Under actual circuit conditions, 
however, there will be a load resistance in the plate circuit of the tube. 
The plate current will not be (i ma, as obtained from Fig. Ill, but will 
take a value determined by the limiting resistance of R p -| R L . The 
operating point will therefore be shifted from point *4 to a point lower 
down on the curve. If an alternating signal voltage is now impressed 
across the input circuit of the tube, the negative grid voltage will be 
either added to or subtracted from by an amount equal to the peak value 
of signal voltage, and dependent upon whether the signal alternation is 
positive or negative at the instant. At the moments when the grid is 
less negative, the plate current will imrease. Hence, the \ ultage drop 
across the load resistance R L will be greater, with the result that the 
actual voltage impressed on the plate of the tube will be less. Conversely, 
when tlnj grid is mart negative on the other half of the input cycle, plate 
current will decrease. The voltage drop acioss the load resistance will 
therefore bo loss and the voltage on the plate of the tube greater. It is 
apparent that the presence of a load resistance in the plate ciicuit 
materially alters the static characteristic our\es of a tube Dynamic 
plate-characteristic curves ait* E p -I v curves that have been plotted foi 
a number of different values of load resistance for a fixed value of grid 
voltage. It has been determined that inserting a load in the plate circuit 
of a tube causes its ehaiaeteristic to become Hatter with a longer lineal 
portion, hi order to predict the performance of a tube completely, it 
would he desirable to have available a number of E u -I p dynamic families 
for a number of different values of giid voltage. The necessity foi 
handling so cumbersome an amount of graphs is obviated hv a simple 
method of computing the prformanoe of a tube with a given load 
resistance, which is done graphically by calculating the had line of a 
tube. 

Assume that it is desired to calculate the j>erformancp of a type 45 
tube with a load resistance of 4,000 ohms operating at a plate voltage of 
250 v with a grid bias of — 50 v. Figure 120 illustrates a static plate 
family for this tube. Point P is the proposed oprating point. The 
procedure is as follows. A straight line is drawn intersecting the E 0 
axis and the I p axis. The slop 1 of this line is the reciprocal of the load 
resistance and is therefore easily determined by taking any voltage, 
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well as 100 v, and ascertaining by Ohm’s law the current in a resistance 
equal to the load resistance as 4,000 ohms. Thus, 

„ E 100 

1 = ~ R -- 4 000 “ °- 025 ‘ - -3 rna. (24) 


The line in question must therefore intersect the E p axis at the 100-v 



Fit 120. Plate ioi 1*3 lulu illustiatiii^ 1 lie mtthod ol u St aimin' a load 

lnu 

point and must intersect the f p axis al the 25 ma point, as shown in 

Fig. 120. 

Through point P (the operating point) draw a Ime ]>arallel to the line 
just eonstiueted above. The line tlnough P is called the load line, sinee 
it has the proper slope for the load in question (4,000 ohms) through the 
desired operating point. 

All the information essential to the pioper operating of this tube with 
this load resistance may now be obtained from the load line. The load 
line is actually the locus of the operating point for a given load resistance 
under lixed conditions of plate voltage and grid bias. Thus, since it is 
known that distortion results from operating the tube on the curved 
portion of its static characteristic, the lowest plate current that can be 
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tolerated for the 45 tube in question will be approximately 4.5 ma, or 
the value when E g -- - 99 v. The peak a-o voltage that should be 
applied to the grid of this tube, therefore, is 49 v. Such an input signal 
voltage will cause the grid voltage to vary from — 1 to — 99 v with a 
resultant plate-current variation from 64 to 4.5 ma. The resultant 
variation of the voltage at the plate is found from the load line to be 
from 112 to 345 v. The necessary power supply, or B battery voltage, is 
determined by the intersection of the load line with the coordinate axis, 
which in this case yields 370 v. 

The power output for a given tube and load resistance may In? calculated 
from data obtained from the load line by means of the following formula: 

power output - A n "" ) ' ~ 1 " M '\ (25) 

s 


where E lim 

-* mm 
111,1V 
^ min 


maximum value of plate voltage , 
minimum value of plate voltage; 
maximum value of plate current; 
minimum value of plate current. 


Thus, for the type 45 tube under the conditions discussed above, 


power oul put 

(345 — 112) * 

(0.064 - 0.0045) 

J 

s 

(2«) 

power output 

(233)(0.<)595) 

S 

13.S5 

S 

(27) 

]K)wer output 

1.73 w 1,730 mw. 

(2K) 


Distortion in vacuum tube circuits is evidenced by un symmetrical 
wave forms in the output. The energy represented by Midi distortion is 
present in the plate eireuit in the form of harmonics of the ojierating 
frequency. Harmonics arc multiples of the fundamental frequency and 
are discussed in detail in a later chapter By far the largest percentage 
of distortion occurring in amplifiers with one tube jier stage is in the 
form of second harmonic distortion. The higher orders of harmonics 
generated (third, fourth, fifth, and so on) contain progressively less energy 
and can usually be neglected. Under ordinary conditions, third-harmonic 
energy is always less than second-harmonic energy, fourth-harmonic 
energy less than third harmonic, and so on. Thus, if the second-harmonic 
content is kept down to an unobjectionable value, the higher-order 
harmonies may be neglected. The jierccntage of second-harmonic dis¬ 
tortion present in an umplitier can be computed from the load-line curve 
by the formula 

(percentage second a U P , an t“ ^ 0 ’ mm) _ | (‘MM 

harmonic dintortion) - (/„ ,„ mt — /„ „„„) 
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where I =■ maximum value of plate current; 

I v , mm — minimum* value of plate current; 

l n - normal plate current (no signal voltage). 


Thus, for the type of 45 tube under the conditions discussed above, the 
percentage of second-harmonic distortion becomes 


% second-harmonic distortion 
second-harmonic distortion 


£(0.0(i4 * 0.0045) - 0.03U 
(0.004 0.0045) 

0.0342- 0.030 
0.0595 


100 . 


100, (30) 
(31) 


° lt second-harmonic distortion 


0.0042 

- - 100 - 0.07(100 - 7. 
0.0595 v ' 


(32) 


Thus, a type 45 tube working into a 4,000-ohm load with 250 v on the 
plate, 50 v oil the grid, and a peak signal-voltage input of 49 v will 
produce a power output of 1,730 mw. The |iercentage of distortion with 
this operation will l>e 7 jier cent. 

The percentage of distortion in such an amplifier is a function of load 
resistance. If a number of load lines are plotted for a given tube, a 
desirable load resistance may be obtained which will reduce the harmonic 
distortion to an unobjectionable value without too greatly decreasing 
the power output. Standard pructice is to utilize a load resistance such 
that the distortion does not exceed 5 ]>er cent, a value that experience 
has shown to l>e permissible. Several approximations of load resistance 
may be necessary to obtain the optimum value for tlic operating con¬ 
ditions chosen. It has been determined that maximum undistorted power 
output is obtained when the load resistance is approximately twice the 
plate resistance of the tube. 


MULTIELEMENT VACUUM TUBES 

He Tetrode. The electrodes that comprise the elements of a vacuum 
tube, like any other electrodes, ]>ohschk electrostatic* capacitance. When 
any two conductors are placed in proximity to each other, they can be 
said to form a capacitor. The electrodes of a tube plate, grid, cathode, . 
and so on, possess, owing to their relative proximity, a small amount of 
capacitance in conjunction with each other. The capacitive reactance is 
high liecause of the small physical size of tube electrodes and at low 
frequencies can often be neglected. At high frequencies, however, this 
reactance often becomes fairly low, since capacitive reactance varies 
inversely with the frequency. This is especially true of tubes with high 
amplification factors, since such tulws have their electrodes spaced more 
closely and have smaller mesh ojrenings on the grid, thus increasing the 
area and, hence, the capacitance of the latter electrode. A low value of 
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interelectrode capacitive reactance in a tube, esj>eeially between control 
grid and plate, is undesirable, since it provides a path for the a-e compon¬ 
ent of plate current to fet'd back into the grid circuit. This component is 
then reamplified by the tube with resulting distortion, often causing the 
tube to oscillate (become a self-sustaining generator of alternating emf). 
Under such conditions, steps must be taken to neutralize this feedback 
in order to prevent these undesirable eflccts. The procedure is discussed 
in a later chapter devoted to oscillators and neutralization. 

The above condition was prevented by the insertion of an electrostatic 
shield between tlu* control grid and plate of the vacuum tube. In order 
to avert undue interference with the plate electron flow, this shield is 
constructed of wire mesh and is often called the screen grid. The screen 
grid is kept at ground potential with respect to a <• voltages by means of 
an external capacitor of low reactance connecting it to the cathode. 
Since the plate is effectively shielded from the other electrodes by the 
screen grid, its positive charge is much less effective in attracting electrons 
from the grid. A positive d-c potential is applied to the screen and thus 
partially takes over the job of attracting electrons from the cathode. 
When the electrons reach the screen grid most ot them have sufficient* 
velocity to continue on through the mesh openings to the plate wiiose 
greater positive charge is more effective at this point. A small portion 
of them, however, are attracted if) the screen grid ami constitute a flow 
of current in the screen-grid circuit. 

The space charge about the cathode of a tube is one of the factors 
that limit the flow of current to the plate. The screen grid, owing to its 
positive potential and closer proximity to the cathode, greatly reduces 
the space charge. The control grid, therefore, has a much greater eon 
trolling effect 011 the plate current, with the result that the tetrode, or 
screen-grid tube, lias a much greater amplification factor than the triode. 
In addition, the screen grid exercises most of tlie attraction for the 
electrons, so that a given change in plate voltage causes a much smaller 
change in plate current than with a triode tube. Consequently. the plate 
resistance of a screen-grid tube, according to Eq. (3). is much higher than 
that of a triode. This latter characteristic makes the tetrode particularly 
adaptable for use in timed amplifier circuits where it is necessary to match 
the plate resistance to the high impedance ot a parallel resonant circuit. 

The electrons that arrive at the plate of a tube often have sufficient 
velocity to knock off, or dislodge, other electrons from the plate. These 
electrons are called secondary electrons and this phenomenon is known 
as secondary emission. The screen grid, because of its positive potential, 
attracts the electrons freed by secondary emission. If the plate voltage 
becomes lower than the screen voltage, secondary emission is particularly 
pronounced, and the plate current is seriously decreased. The plate 
swing is therefore limited by the effects of secondary emission. 
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The Pentode. In order to remove the limitation ol plate current 
imposed by secondary omission a fifth electrode, called the 
grid, is inserted in the vacuum tube The suppressoi is placed between 
screen grid and plate and is connected to the cathode The suppressor 
is therefore negative with respect to the plate and repels the secondary 
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elutions back to the plate This eleitiode receives its name flora its 
action in suppressing the How of seconding electrons In power ] lent odes, 
the suppressor jiermits a large pnwei output with high gam because the 
plate voltage* swing (an be made \er\ large In \ oil age amplifiers the 
pentode is capable of high voltage amplification at moderate balnea of 
plate \oltage 


QUESTIONS AND PROBLEMN* 

1. Describe the electrical charaitcnstif*• of the pentode tetrode and tnode 
on a c oiupaiative basis 

4 Those que slioiix mid prohlf ms m taken from th« 1 ( C Sturt) Guide fui (Commercial 
Radio Opeiutoi F\animations 
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2 . What is mutual conductance ' Transconductance ? 

8 . What is secondary emission 7 

4 . Describe the characteristics of a vacuum tube 4 operating as a class C 
amplifier. 

5. During what portion of the excitation-voltage cycle docs plate* current 
flow when a tube is used as a class R amplifier i 

6. Does a properly operated class A audio amplifier produce serious modi¬ 
fication of the input wave form f 

7. A triode transmitting tube, operating with plate voltage of 1,250 v, has 
filament voltage of 10, filament current of 3.23, and plate current of 150ma. 
The amplification factor is 25. What value of control grid bias must be used 
for operation as a class V stage f 

8 . Diseuss the advantages and disadvantages of operating an amplifier as 
a class 0 stage 

9. What circuit and vacuum-tube factors influence the voltage guin of a 
triode a-f amplifier stage? 

10. Whal is electron emission f 



Chapter XI 

THE VACUUM-TUBE OSCILLATOR 


One of the most important applications of the vacuum tube is an a 
generator of alternating current. A vacuum tul>e can be made to generate 
alternating currents of frequencies ranging from the very lowest usable 
commercial frequencies to frequencies on the order of several hundred 
million cycles per second . It is possible to generate* higher-frequency 
alternating currents by means of vacuum tubes than by any other means. 

Kadio is primarily the application of h-f alternating currents. Because 
ot its superiority as a generator of such currents, the vacuum tube has 



superseded practically every other means as an h f generator in radio 
work. 

Because alternating currents are basically oscillating currents, a vacuum 
tube is called an oscillator when used to generate alternating currents. 
The alternating currents produced by a vacumn-tubc oscillator are some¬ 
times relerred to as oscillations, and a tube that is operating as an a-c 
generator is said to be oscillating. 

THEORY OF THE YMTVM-TCRE OSCILLATOR 

Conditions Necessary to Sustain Oscillations. Any ordinary amplifier 
circuit can be rearranged in a manner that will cause the amplifier tube 
to oscillate. As a matter of fact, a \acuum tube is made to oscillate 
solely by virtue of its amplifying properties. 

Figure 122 is a diagram of an elementary single-tube amplifying stage. 
The input and output circuits are inductively (transformer) coupled to 
the grid and jiUte circuits, respectively, of the tube. If a sinusoidal 
alternating current is impressed on the input circuit and the tube is 
operating class A, the amplified output delivered to the load circuit will 
also be sinusoidal, or essentially identical in wave form to the input. 

23 /> 
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If lw of a-c power is supplied to the input circuit and 10 w of a-c 
power is delivered to the load, it can he said that 9 w of power has been 
supplied, or ‘‘generated, 17 by the tube. This is not a 'violation of the law 
of conservation of energy one iR not 4 ‘getting something for nothing/* 
The additional 9 w of a c power lias actually been taken from the plate 
supply or B battery. 

From this point of view, therefore, the vacuum tube may be con¬ 
sidered not ail amplifier but a converter of direct current to alternating 
current. It can be compared to a motor generator having a d-c motor 
and an a-c generator. In the lattei c ase, it is necessary that the alternator 
lie provided with some form of external excitution power for the fields. 
Similarly, the vacuum tube requires excitation in the form of the original 
1 w of power supplied to its input circuit 

A power amplifier of the foregoing type is often refeired to as an 
exte rnally excited, or separately excited, oscillator. Master oscillator- 

power-urnphjirr transmitter 
systems are sometimes desig¬ 
nates! as extcrnallv excited 
oscillator sj stems Modern 
pi acticc, however, is to iden 
tifvsepuralelv the components 

Fj(i. 12 , 3 . Koirmif h\el\ cnuplwi .unpiifuM ^uch a system 1 he power 

amplifier is not considered as 
a true externally excited oscillator but if- Ueuted as a simple powei ampli¬ 
fier. The master oscillator is designated according to the method of 
excitation. The term “externally excited oscillator" is received for 
crystal oscillators. Suih oscillators aie discussed in a later section of 
this chapter. 

In the amplifier dicuit of Fig 122 only 1 v\ of power is required to 
excite the tube, and an output oi 10 w is obtained It this circuit is modi¬ 
fied as shown in Fig 123, 1 w of the 10 w of output power can be fed back 
into the input circuit, thereby eliminating the need foi external excitation 
power. The tulie then becomes a true oscillator or generator, oi .iltern 
ating currents. Such an oscillator is called a self-excited oscillator. 

The process of feeding power back into the grid circuit is called feed¬ 
back. Feedback circuits are of three major kinds in common with other 
types of coupled circuits, namely inductively coupled feedback, conduct- 
ively coupled feedback, and eapacitivcly coupled feedback circuits. 
Figure 123 ls an exumple of an elementary inductively coupled feedback 
circuit. In conductively coupled feedback circuits, the energy is con¬ 
ducted back to the grid circuit. In such a circuit, a single inductance 
usually serves both in the grid and the plate circuits hi eapacitivcly 
coupled feedback circuits, energy from the plate circuit is fed back to 
the grid circuit through a capacitor, and in many types of oscillator 
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circuit, the intorelectrodo capacitance of the tube itself is utilized for 
this purpose. In general, coupling circuits that are utilized to feed back 
energy from the plate to the grid circuit of a tube are called retroactively 
coupled circuits or regenerative circuits. 

In a power-amplifier circuit, the voltage output is 180' out of phase 
with the voltage input. In general, therefore, one of the conditions 
necessary to sustain self excited oscillations is that the power fed back 
into the grid circuit must be ISO" out of phase with the output [lower. 
The frequency at which oscillations occur depends upon the inductance 
and capacitance constants of the plate circuit. In some oscillator circuits, 
the grid circuit is also composed of a tuned circuit of L and C. In such 
oscillators in order that the voltage fed back to the grid circuit may be 
of the proper phase and amplitude to enable the tube to supply its own 
input, the plate circuit must be tuned to a frequency slightly higher than 
the frequency of the grid circuit. This frequency relation then is another 
of the conditions necessary to sustain oscillations in sclf-excitod oscillators 
cjf this typo. As a matter of fact, oscillations are often controlled in such 
circuits by detuning cither the plate or grid circuit. 

When, as is usually the case, it is desired to obtain appreciable power 
output from an oscillator, the tube is adjusted so that it operates as a 
class 0 amplifier. The output of such an oscillator is very little less than 
the corresponding class (’ amplifier, it diffcis by the amount necessary 
to supply driving power to the tube The main difference between a 
class C amplifier and an oscillator, aside from the circuit arrangement, 
is that the latter must utilize grid leak bias, Urid leak bias is necessary 
to make the oscillator self-starting and to ensure circuit stability. 

If feedback is introduced in a simple amplifier circuit ami the amount 
of energy fed back to the grid circuit is gradually increased from zero, 
it was seen above that a point is reached at which the grid-circuit losses 
are overcome and the lulie oscillates. Between the moment of zero 
feedback and the point at which oscillations commence, the tube is Haid 
to l>e regenerating. 

Regeneration has several desirable and se\oral harmful effects, it is 
often purposely introduced into r-f amplifier circuits. Since a portion 
of the plate-circuit signal voltage is fed back into the grid circuit and 
roamplified several times, the over-all gain of an amplifier can be con¬ 
siderably increased by regeneration. In addition, since the feedback 
energy relieves the signal voltage of a portion of its function of supplying 
excitation to the stage, the effect is the same as a decrease in resistance 
of the input circuit. Under these conditions, the effective resistance is 
said to lie decreased, but the effective Q (see (Imp. XII) is raised and 
results in a considerable increase in the selectivity of the circuit. 

One of the serious disadvantages of regeneration in amplifiers is that 
the increased selectivity tends to cause suppression of the higher 
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lide-b&mi frequencies of the signal with resultant distortion. Further* 
more* regenerative amplifiers are notoriously unstable, require adjustment 
whenever the circuit frequency is changer!, and are likely to break into 
oscillation. 

Regeneration finds its greatest application in detector circuits designed 
for the reception of radiotelegraph signals. In such circuits, the regener¬ 
ative detector affords considerable amplification for the interception of 
modulated carrier telegraph signals. At the same time by increasing 
the feedback, the detector is made to oscillate, thus affording heterodyne 
oscillations for the reception of c-w telegraph signals. This condition is 
discussed further in the chapter on receiving circuit principles. 

Harmonics. Alternating currents that aie perfectly sinusoidal in 
wave form are practically never encountered in actual radio circuits. 
Although vacuum-tube oscillators aie capable of generating alternating 
currents that are uhnont ]>erfectly sinusoidal, there is always some distor¬ 
tion of the wave form. In the usual case of such distortion, the generated 
wave contains components of two, three, or more frequencies, all of 
which are mtegrally related to the original frequency 

The frequency of the original generated wave is called the fundamental 
frequency, but it is also often referred to as the first harmonic, since a 
pure sinusoidal w ave is a form of simple harmonic motion The additional 
component frequencies are always multiples of the fundamental. Thus, 
an oscillating vacuum tube, in addition to the fundduicnt.il frequency, 
may generate currents of Uiua the fund a mental frequency called second 
harmonics, currents of three times the fundamental frequency, called 
third harmonics, and so on. Some vacuum-tube osciUatoi cncuits are 
es|>ecially rich in harmonics mid are used for laboratory instruments m 
which the harmonic output is utilized The multivibrator circuit discussed 
later in this chapter is an example of an especially prolific harmonic 
generator. Harmonics as high as the eightieth can lie generated with 
this oscillator. 

The lower-order harmonics, second, third and so on, usually have 
the greatest amplitudes. The succeeding harmonics fall of! quite sharply 
ill amplitude after the third, and the higher order harmonics liecome 
progressively weaker. 

The effective value of amplitude (either current or voltage) for a 
complex wave, containing several harmonics in addition to the tunda 
mental, will vary considerably from the effective value of a pure siuu 
soidal wave. Specifically, the effective value of a complex wave of this 
nature is equal to the square root of the sum of the squares of the effective 
values of the individual component frequencies. This relation holds true 
whether or not the components of a complex wave are harmonically 
related. Expressed mathematically, 

vav i Ay 


Ay i • • 


(i) 
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where E vn = effective value of complex wave; 

E y ~ effective value of fundamental; 

E 2 — effective value of Hecond harmonic; 

E$ — effective value of third harmonic, 
and bo on. 

There are many instances where the harmonics generated hv a vacuum- 
tube oscillator are put to great practical use* in radio circuits. More often, 
however, in hotli receiving and transmitting circuits, harmonics are ■ 
undesirable, and social circuit design is necessary to eliminate them. 
Both the utilization and the suppression of harmonics are discussed as 
the particular application is encountered in this text. 

Heterodynes. One of the most useful phenomena occurring in a-e 
circuits is that of heterodyning. In an a-c circuit, when two alternating 
voltages of different frequencies are impressed upon the same circuit in 
such a way that the output contains the product of the two voltages, 
additional frequencies, (‘ailed heterodyne frequencies, or, simply, hetero¬ 
dynes, result Four frequencies then exist in the circuit: the two original 
frequencies and fim heterodyne frequencies. One heterodyne w'ill have a 
frequency equal to the sum of the two original frequencies. The other 
heterodyne will have u frequency equal to the difference of the two 
original frequencies. 

Thus, if two alternating currents of 9,000 and 9.500 c are impressed 
upon a circuit, two additional frequencies will be created in the circuit. 
One heterodyne frequency will be JK.500r\ or the sum of the original 
frequencies. The other heterodyne will l>o 500 c or the difference of the 
two original frequencies. Four different frequencies will therefore lie 
present in the circuit: 0,000 c; 9,500 c IS.500 c, and 500 c. The 
difference frequency is customarily called the beat frequency. The process 
of combining two such currents of different frequencies to produce 
additional frequencies is called heterodyning, or beating, the two fre¬ 
quencies logethcr. 

The principle of changing frequency In means of heterodyning has a 
number of important applications in radio work. It is the fundamental 
principle upon which the superheterodyne receiver (discussed in (Jhap. 
XII) operates. Heterodyning is also used in telegraph receivers to make 
an r-f signal audible to human ears. Thus, if a 1,000 kc signal is impressed 
upon a sound-conversion device, such as an earphone, the sound waves 
set up will vibrate at a frequency of 1 000.000 times per second, far 
beyond the range of the human ear. If, however, the 1,000-ko signal is 
beat with a 1,001-ke current generated locally and the circuit is con¬ 
nected to an earphone, the difference frequency of 1,000 c w'ill set up 
1.000-e sound waves, which, of course, are easily heard by the human 
ear. Jf the incoming 1.000 kc signal is interrupted in the dots and dashes 
of the Morse code, the lieat frequency will also be interrupted in like 

17- (N V) 
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manner, since it depends for its existence upon both of the original 
frequencies. 

STANDARD OSCILLATOR CIRCUITS 

A number of standard oscillator circuits have been developed for the 
production of oscillations. In general, these circuits differ mainly in the 
methods of coupling to the load and in the methods of retroactive coupling. 
Special circuits have also been devised that have advantages ]>eculiar to 
certain applications. 

Any standard oscillator circuit may be classified according to the 
method of feeding the d-c power to the circuit as a series feed circuit or 
a shunt feed circuit. These methods should not be confused with feed¬ 
back. Scries feed circuits are those in which the plate supply voltage, 



the tube, and the plate-circuit parallel resonant circuit (customarily 
called the tank circuit) arc all connected in series. Shunt feed circuits 
arc those in which the plate supply voltage, the tube, and the tank circuit 
arc connected in parallel. 

Tn series feed circuits, it is necessary to by-pass the plate-supply source 
with a suitable capacitor in order to prevent the a-c plate-circuit compo¬ 
nent from flowing through it. The tank circuit is also at a high d-c 
potential with respect to the filament, which is undesirable. 

In shunt feed circuits, an r-f choke coil is required between the power 
supply and the tube circuit and effectively excludes the a e component 
from the power source. A blocking capacitor is utilized between the 
tube and the tank circuit to exclude high d-c potentials from the tank 
circuit, to prevent the tank-circuit inductance from short-circuiting the 
power supply, and to afford a path of low r reactance to the desired a-c 
component. Shunt-feed oscillators are usually preferred to series feed 
for most applications. 

The Hartley Oscillator. The Hartley 7 oscillator circuit is very widely 7 
used mainly liecause a single inductance serves for both grid and plate 
circuits. Diagrams of both series- and shunt-feed Hartley 7 oscillator 
circuits are shown in Fig. 124. An intermediate tap on the inductance is 
connected to the filament and divides the inductance effectively into a 
grid coil and a plate coil. 
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In this circuit, a portion of the voltage developed in the plate coil is 
fed back 1o the grid circuit both by inductive and conductive coupling. 
The series-feed Hartley is not recommended for other than low-power 
battery-o]>erated oscillators because of the shunting effect of any plate 
to filament capacitance inherent in the power supply. Such capacitance 
is usually found between the windings of filament transformers and the 
plate winding of the power transformer. Since this capacitance is applied 
directly across the plate coil, it directly affects the circuit tuning. In 
addition, undesirable high r-f voltages wiJl be impressed across the 
filament-plate windings of the power-supply transformers. 

The Hartley circuit is usually inductively coupled to the load circuit 
at the plate end of the inductance. 

The Armstrong Oscillator. Diagrams of both series- and shunt-feed 


RFC 
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Armstrong oscillators are shown in Fig. 12.1. The Armstrong oscillator 
differs from other t\pes mainly in that the gnd circuit is tuned instead of 
the plate circuit 

Feedback is obtained by inductive coupling between the untuned plate 
eiTouit and the timed grid circuit, Tsuully this coupling is made variable, 
permitting adjustment for maximum stability and output. The load 
circuit can be inductively coupled to the grid coil. In the scries feed 
Armstrong, the output circuit is often coupled directly to the plate circuit 
by inserting a primary inductance in series witti the plate inductance. 
The plate inductance in an Armstrong oscillator is usually called a 
tickler coil, and for this reason, this circuit is often referred to as the 
tickler feedback circuit. 

The Armstrong oscillator finds its greatest application in oscillating 
detector circuits. 

The Tuned-plate-tuned-grid Oscillator. In this tyj>e of oscillator, 
both the grid and plate circuits contain parallel resonant L and C circuits. 
When the plate circuit is tuned to a frequency slightly higher than that 
of the grid circuit, the tube oscillates : and the plate-circuit energy is 
then fed back to the grid circuit through the intorelectrode cajjacitanoe 
of the tube. Diagrams of series- and shunt-feed tuned-plate tuned-grid 
oscillators are shown in Fig. 12H. This type of oscillator is very popular 
for low-power transmitters because of the relative 1 ease of adjustment. 
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The load circuit is customarily coupled to the plate coil of the tuned- 
plate-tuued-grid oscillator. 

The frdpltfai Oscillator. The Colpitts oscillator is similar to the 
Hartley circuit. Energy from the plate circuit is fed hack to the gnd 
circuit by capacitive coupling, however, instead of by inductive coupling, 
as in the Hartley. The tank-circuit capacitance is made up of two 



UT 


■*= 
i -=■ 


RFC 




ib) 

Kiu 12t> l’hr* tiuimi plute lunrd jnirl imi ill ilui (u) Souos IimuI (h) Shunt food 


capacitors m series with tlieii common ioniicctiuu going to the filament 
The excitation \oltago fed to the prrid is adjusted by changing the value 
of the giid capaeifni Since this capacitor is part of the oscillatory 
circuit, any change m its capacitance will also affect the frequency of 
oscillations. Kxcitation adjustments must therefore, he compensated 
for by a change 1 in the plate capacitor 

Although not as popular as the Hartley oscillator, the ('olpitts circuit 
is widel\ used because nt its adaptability With the piopei leedback 
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ratio established bv the use of fixed capacitors, a wide frequency range 
can be covered by utilizing a \amble inductance without disturbing the 
feedback condition. As in the Hartley oscillator, the load circuit is 
coupled to the oscillator coil inductively. A circuit diagram of a shunt- 
feed type ot (’olpitts oscillator is shown in Fig 127. 

The Meissner Oscillator, The Meissner oscillator differs from other 
types in the use of an additional inductance coupled to both grid and 
plate inductances of the tulie. This mutual inductance with its shunt 
condenser forms the actual oscillatory circuit. A diagram of a Meissner 
oscillator circuit is shown in Fig. 12H. 
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By judicious adjustment of the coupling and variation of the tank* 
circuit constants, the Meissner oscillator can be made to operate 
more efficiently than many other types of self-excited oscillator. Never¬ 
theless, because of the number of coils necessary and the difficulty 
of proper adjustment, the Meissner oscillator is not so widely used as 
other types. 

The Electron-Coupled Oscillator. Ln all the foregoing tyjies of self- 
excited oscillators coupling a load to the oscillator definitely affects 
circuit conditions Coupling a load to the inductance of an oscillator 
tends to decrease the effective impedance of the circuit. Any variation 
in tank circuit impedance tends to disturb the \ult age-feed back ratio 
and also affects the frequency of oscillations. When adjusting a coupled 
oscillator, any change in load coupling or load value must therefore he 
accompanied by a readjustment of the oscillator circuit pro|>er in order 
to maintain i>eak efficiency. 

In earlier types of transmitters, oscillators delivering the required 
potter were coupled directly to the antenna system. Much transmitters 
ttcre notoriously imslablc because of the variable load reflected by the 
antenna Any movement of the antenna (swinging in the wind, and so 
on) dampuess, variation in antenna losses due to weather conditions, 
and so on changed the efleitive impedance and thus reflected a varying 
load into the oscillator circuit. The result was a variation in the frequency 
generated by the oscillator tube 

To overcome this difficulty, the tm'tter-o^tnflafor pawer-awpltjirr trans¬ 
mitting circuit was developed. This circuit (commonly abbreviated 
A101VA) consists simply of an oscillator coupled to a power amplifier. In 
modern transmitters a number of power amplifiers are usually employed. 
Such transmitting circuits will lie discussed separately in (liap. XIII. 

The final power amplifier m an MOPA system is coupled to the antenna 
or radiating system Any change in antenna load conditions does not 
affect the frequency of the signal transferred from the power amplifier 
to the antenna, since the frequency depends upon oscillator-circuit 
conditions alone. The power amplifier input ciieuif presents an essentially 
constant load to the oscillator circuit regardless of antenna -load con¬ 
ditions. The uscillutoi frequency is therefore independent of antenna- 
load conditions. 

The introduction of the screen-grid tube presented an opportunity 
for the development of ft master-oscillator poiver-amphfier circuit 
utilizing a single tube. In this circuit, the control and screen grids of the 
tube are used as the grid and plate, respectively, for a triode oscillator. 
The variations in the electron stream caused by the generation of oscilla¬ 
tions in this circuit produce an a-e component in the real plate circuit 
of the screen-grid tube. The frequency of this a-c component is a direct 
function of the oscillator frequency. The plate circuit of the tube is, 
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therefore, Raid to l>e electronically coupled to tlio oscillator circuit. The 
load can he coupled capacitivity or inductively to the plate circuit. With 
this system, the frequency of oscillations is practically independent of 
load variations. This circuit was originally designed by B. pJ. Dow in 
1931 and is called the electron-coupled oscillator circuit. A diagram for 
this popular ty|»e of oscillator is shown in Fig. 129. 

The main advantage of the electron-coupled oscillator is its frequency 
stability. It is not readily adaptable, however, to circuits utilizing high- 
power tubes, and for this reason, its use in transmitting circuits is com 
paratively limited 

Moreover, since the master-oscillator power-amplifier transmitting 
circuit is in practically universal use, tin* need for electron-coupled 
oscillators is obviated. Frequency stability under varying load con- 
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diNous is established by the successive 
power amplifier stages, regardless of the 
type of oscillator used. 

The electron coupled oscillator, there¬ 
fore, finds its greatest application in 
receiving circuits, such as the super¬ 
heterodyne (see Chap. XII). In such 
circuits since the oscillator stage eon 
tributes nothing toward the gain of 


the receiver, space limitation is an 


important factor Manx ciieuits incorporate the functions of first 


detector and oscillator within a single tube acting as an electron coupled 


oscillator. 


The electron coupled oscillator is an ideal solution for receiver applica¬ 
tions. The single tube reduces the space requirements, and, b) proper 
choice of the tube and operating voltages the power output can be 
adjusted to an t > desirable value 

It should not be inferred that utilizing a power-amplifier stage in a 
transmitter automatically provides frequency stability. Such an arrange¬ 
ment does prevent vaning antenna load conditions from affecting the 
oscillator frequency. However, the oscillator frequency is still subject to 
variation due to inherent faults in the oscillator circuit itself. 

In general, a numlier of factors contribute to frequency variation in 
self-excited oscillator circuits. Frequency instability can be caused by 
variation of inductance and capacitance by teiiqierature. variations in 
the interclectrode capacitance of the tulx* (due mostly to changes in tube 
temperature), and by variations of the reflected load impedance caused 
by any of the above factors affecting a succeeding amplifier stage. In 
addition, any variation in plate supply and bias and filament voltages 
can cause a change in the frequency of the oscillations generated by 
the tul>e. 



THE VACUUM TUBE OSCILLATOR 


245 


The Crystal Oscillator., Stability in h-f oscillators has been obtained 
by the use of the quartz-crystal oscillator circuit. This type of oscillator 
depends for its ojoration upon the so-called piezoelectric properties of 
certain crystalline substances, including Rochelle salts, tourmaline, 
quartz, and others. Becau.se of its mechanical ruggedneRS, low tempera¬ 
ture coefficient, and cheapness compared with 
crystallines, quartz is used exclusively In oscil 
lator circuits. 

A natural quartz crystal is shown in Fig. ISO. 

A complete quartz crystal is very rarely found. 

Such a crystal would have both ends pointed 
and have a hexagonal cross section. The proper¬ 
ties of such a crystal are customarily expressed 
in terms of three sets of axes. The axis joining 
tlu* points of the crystal at the ends is called the 
optical axis. The three axes X v „Y 2 , and X. A (see 
Fig. 131(a) ) are at right angles to the optical 
axis and join the corners of the hexagon which 
forms the cross section of the crystal These are 
called the electrical axes. The three axes T,, 

V 2 . and r 3 , shown in Fig. 131(b), join opposite 
sides of the hexagonal cross section and are at 
right angles to the optical axis Each )’ axis is 
also at right angles to one of the X axes The 
Y axes are called the mechanical axes of the 
crystal. 

If a flat section is cut from a crystal in such 
a way that the Hat sides are perpendicular to an 
electrical or A’, axis, as shown in Fig. 131(h), 
this section of crystal is found to ha\o peculiar 
properties If a mechanical stress is applied to 
the crystal along a )' or uiechauical, axis, it will 
produce electric charges on the flat sides of the crystal section. If the 
direction of the mechanical stress ih changed from compression to tension, 
or vice versa, it cuuses a reversal of the polaritx of the charges on the 
tlai sides of the crystal. Thus, if mechanical vibrations, that is, alternate 
compressions and tensions, are applied to the 1’ axis of the crystal, an 
alternating emf is produced across the flat faces, or along the X axis, of 
the crystal. The frequency of the alternating emf so produced will be 
direct] \ dependent upon the frequency of the mechanical vibrations 
applied. 

(inversely, if a difference of ]X)tential is applied across the faces (along 
the X axis) of the crystal, a mechanical stress along the Y axis will lie 
produced. This stress will result in either compression or expansion of 
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the crystal along this axis depending upon the polarity of the applied 
voltage. Thus, if a given voltage results in an expansion of the crystal, 
reversing the polarity ill result in a compression of the crystal. Hence, 
it follows that if an alternating voltage is applied across the faces of the 
crystal, a mechanical vibration of the crystal will he set up because of 
the sutM*essi\e alternate compression and expansion along the Y axis. 

A piece of quartz, like every other rigid object, has a natural period of 
vibration. When an alternating voltage is applied to a crystal, as above, 
the crystal will vibrate, although the amplitude of vibrations will I>e 
comparatively small. When the frequency of the impressed alternating 
einf coincides with the natural mechanical period of vibration of the 


X/ Y 3 X s X , Yj X, 
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crystal, the amplitude oi the vibrations is verv greath increased If the 
voltage impressed on the crystal is large enough, the crystal can he made 
to shatter itself. 

The peculiar pm] km lies of quartz outlined above sue called piezoelectric 
properties. The Tunes were the first to utilize quartz crystals for their 
piezoelectric qualities Tliev used X cut enstals for the calibration of 
electrometers. Foi this reason. X cut enstals aie often called 1 Tune- 
out’’ crystals. 

The application of rpiartz crystals as frequency stahilizcis in oscillator 
circuits was developed by W. (5. ( 4 ad\ in 1922 He showed how a quartz 
crystal could lie treated as a form of electric senes resonant circuit. 
Thus, if a thin slab of quartz crystal has metallic plates containing its 
opposite faces, it would appear, offlmnd, to have the characteristics of 
an efficient capacitor, the two metallic plates forming the plates of a 
capacitor and the quartz, having an extremely high insulation resistance, 
forming an efficient dielectric ff connected to an a-c bridge, it would 
l>e exjiected that the quartz would show a constant capacity with neglige 
iblo series resistance. The actual result of connecting a quartz crystal so 
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arranged to an a-c bridge however, is strikingly different. Actually, the 
crystal exhibits properties very similar to a series resonant circuit. As 
the frequency of the impressed alternating emf : s increased, the crystal 
displays a changing capacitive reactance, At the frequency that coincides 
with the natural mechanical period of the crystal, the impedance becomes 
a minimum and becomes a pure resistance Within a certain narruw 
band of other frequencies, the crystal actually shows inductive reactance. 
The variation of reactance 

with frecpiency iN show n j 

graphically in Fig. 132. S f\ 

As the quartz crystal is / I 

utilized in oscillator circuits. / 1 

it takes the place of the tuned / I 

resonant circuit in the tuned S / 1 

plate tuned grid oscillator ^ £.1 I 

circuit (Fm. The ervstal g' ^ / \ 

is placed in a holder which g | \ frequency 

consists, essentially, of two j 

metallic plates parallel to the h 

opposite flat faces of the erv s- x"' "X / 

tal. A small aij gap is pro 3' \ /1 

vidcd hot wren one plate and § \ / I 

the crystal face to allow it to J / | 

vibrate freely. / 

Although the crystal itself / ' 

is equivalent to a series roso u | 

mint circuit, the combination | 

of the mstal and vfi. uum I3J ,, 1Mnulmsll ,„ „| u , lliar u. 

tube mav be considered as a pi it t .is ilm uirpioistMl oloitinn] (imjuenry 

parallel resonant circuit, in r>.«^s iinmi^ii .i\st..i 
which the grid capaiitancc of 

the tube resonates with the apparent inductance of the crystal. Since 
the ci^still presents an inductive reactance only within an extremely 
narrow range of frequencies, the circuit can operate as a timed-plate- 
tuned grid oscillator only within this Tange 

Thus, the quartz crystal has the effect of a very sharply resonant 
circuit. Since it is not subject to Hie mam factors that contribute to 
frequency variation of an ordinary tuned resonant circuit, the quartz 
crystal has a great stabilizing effect on the frequency of oscillations 
produced. 

The resonant frequency of a ervstal is dejiendent almost completely 
U|sm its physical dimensions. Anything, therefore, which does not affect 
the dimensions of the crystal can have very little effect on the frequency. 
Thus, variations of circuit voltages, load conditions, and so on. although 
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they may affect the amplitude of oscillations, will not affect their 
frequency to an appreciable extent. 

Strictly speaking, there are several factors which may affect the resonant 
frequency of a quartz crystal, such as temperature, plate capacity, 
vibration. The one factor that produces a frequency shift large 

enough to lieeome troublesome is 
the temperature. Crystals in com¬ 
mercial transmitters are accordingly 
mounted in ovens having the tem- 
jierature automatically controlled, 
usually by thermostatic means. 

A*-cut crystals have a negative 
tem]>erature coefficient, causing the 
natural frequency to decrease us 
the temperature rises. The decrease 
amounts to about 10 to s2. r » parts in 
a million per degree centigrade. The 
Y cut crystals ha\e a positive tern 
perature coefficient, the natural 
frequency rising with inciease in 
temperature The increase in fro 
queries varies from about 2.~> to 100 
parts m a million per degree 
centigrade. 

If the plane of a crystal section 
is rotated about the X axis to make 
an angle nf appioMinatelv 3r» with the optical axis, a new cut of crystal 
can be obtained, wlm h is called the AT cut. The A 7 T -cut crystal combines 
the characteristic* of 1 ho X cut and Tout crystals. As a result, its 
resonant frequency is substantially independent of temperature changes 
AT-vxii crystals art 1 m wide use fw 
frequencies aboye 300 kc. 

Many differ cut circuit arrange 
ments can be employed to utilize a 
quartz crystal as the frequency con 
trolling element in a vacuum tul>e 
oscillator. The simplest of these is 
the tnode circuit shown in Fig. 134 
This circuit is the equivalent of the tuned-plate tuned-grid circuit. The 
resonant circuit propei t ies of the crystal are used to replace the tuned-grid 
tank circuit. The two plates of the crystal holder are connected between 
the grid filament terminals of a small triode power tube having a parallel 
resonant circuit in the plate circuit. When the plate tank circuit is 
adjusted to approximate resonance, the feedback through the grid-plate 
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interelectrode capacitance, of the tube excites the grid circuit and oscilla¬ 
tions begin. The frequency is dependent upon the mechanical period of 
vibration of the crystal. Consequently, the plate circuit may be con¬ 
siderably detuned without materially affecting the frequency. 

A negative bias is sometimes necessary in crystal-oscillator circuits 
and can be applied through the grid leak. In general, small power 
oscillators operating at moderate values of plate voltage will ojierate 
without bias. 

The power obtainable from a crystal oscillator is limited by the power- 
dissipation capabilities of the crystal and by the ease with which the 
crystal will shatter. The latter factor is dependent upon the thickness 
of the crystal. In general, the power output is limited at high frequencies 
hy heating of the crystal and at low frequencies bj the mechanical 
stresses set up by the vibrations 
that may result in cracking the 
crystal. Crystal 

Since the power output is 
limited by the amount of power 
that can he fed back to the 

Cljfital, it follows that the Fit, 13. 1 * i’untnrie ciystul oscillator. 

greatest power output can be 

obtained without danger to the crystal by utilizing a tube of high power 
sensitivity. The power pentode or beam tetrode tubes find w r ide applica¬ 
tion as crystal oscillators lor this reason. In addition, the screen grid in 
these tubes decreases the grid plate capacitance, thus limiting the amount 
of feedback energy and permitting the use of higher plate voltages without 
overloading the crystal. A circuit of a typical pontode-ty|H» crj T stal 
oscillator is show’ll in Fig. 13a. 

Tlie circuit most commonly used in commercial equipment is the 
tnode crystal oscillator of Fig. 1.14. A tv picul commercial transmitter 
usually has a number of power amplifier stages following the oscillator 
stage. It is seldom necessary to develop much power in the crystal stage. 
Oscillator power output is therefore usually sacrificed in the interest of 
circuit stability. 

SPECIAL OSCILLATOR CIRCUITS 

The Qynatron Oscillator. It was shown in Chap. X that when the 
grid immediately adjacent to the plate of a vacuum tube is made more 
positive than the plate, excessive secondary emission from the plate 
occurs. If tlw* surface condition of the plate and the plate voltage are 
such that this emission is appreciably large, the tube pLate-lilament 
resistance becomes effectively negative. A tube ojierated under these 
conditions is called a dynatron. 
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The dynatron is often utilized as an oscillator. If a parallel resonant 
circuit is inserted in the plate circuit of the tube, oscillations will start 
when the absolute value of the negative resistance is less than the parallel 
resonant impedance* of the plate lank circuit. Thus if the circuit voltages 
are projierly adjusted, the number of secondary electrons leaving the 
plate exceeds the number of primary electrons arriving at the plate, and 
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the plate current reverses, despite the positive plate potential The 
circuit is shown in Pig J 37 

A screen-grid tube as sherwu m the illustration, is usudlly more satis¬ 
factory as a dynatron oscillator because oi the greater frequency stability 

Dynatron uHcillators arc used mainly for laboratory or test oscillators. 
They are esjiecialh adaptable as radio-frequency oscillators Hcmarkablv 
high frequency stability with variation of tul»e voltages has been obtained 
on frequencies up to 30 megacycles 

The Multivibrator. Another popular typo of laboratory oscillator is 
the multivibrator, sometimes called the relaxation oscillator. A typical 
multivibrator circuit is shonn in Fig 13K. It consists of a two stage 
resistancc-coupled amplifier circuit in which the output voltage of the 
second tube is fed back into the grid circuit of the fiist tube Since each 
tube produces a phase shift of 1 SO 0 , the output of the second tube supplies 
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an input voltage to the first tube that has the right phase to sustain 
oscillations. 

Since there is no tuned circuit, the frequency of oscillation is governed 
primarily by the grid-circuit re- __ 

sistance and capacitance. It is ~~i 7^ \ 

also affected by other circuit con- I Iq J \ 

ntants, tube voltages, and tube ^ § 

characteristics. Frequencies as -=- ^ 7“ § 

low as 1 c per minute and as high T V 

as 100,000 c }>er second can Is* •——-—l|l|l|l[—I--1 

praerated by a multivibrator. K „, 137 Th(< (lviultron 0s , UUt0r 

Multivibrators are widely used 

in frequency--measuring equipment because of the rich harmonic-output 
content. Harmonics as high as the eightieth can be detected without 
the use of external amplifiers. Another advantage is the wide frequency 
, jj range 1 hat can be covered by means 

fi *=*j—j_ll_a single adjustment. 

J yj I 1 W I The Magnetostriction Oscillator. 

If I | The magnetostriction oscillator is 

I- j -1- ] another type of laboratory oscil- 

| |,| | | 1 | | |,|,| I lator used to generate low frequen- 
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import .nit. The circuit is shown in 
Fig. 130 The circuit rlepends for its operation upon the natural mechanical 
period of vibration of a bat of iron alloy. Nickel, alloys of nickel and 
iron. Invar, and Niehrome have pronounced magnetostrictivc effects. 

It is seen that the circuit is ^ _ 

similar to the Hartley oscil ■ ■ 

lator except that tli<‘ mutual jAr 

inductance between the coils is I 

reversed. The magnetostrictivc 

rod is clanijied at the center 

anil is magnetized hy the d-r Ti-* 

component of the tulie plate ifJJJ J ^ w S X k _ 

current. Since the coils a re re —- R°d Support 

versed, the circuit Mill nut 

oscillate without the rod: but 139 Tim liiHKiiftostnrtion osnJJiilor. 

when the rod is inserted, it 

]>rovidcs the coupling between the coils, and oscillations stall. The rod 
vibrates longitudinally ut a frequency dependent upon the physical 
characteristics of the rod. The tank circuit capacitor can he varied over 
a considerable range without affecting the oscillator frequency. 

Parasitic Oscillations. Auv untlmrcd oscillation occurring in an 
oscillator or power amplifier is called a parasitic oscillation. Such 
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unwanted oscillations result from the fact that several different modes of 
oscillation can exist in a circuit in addition to the desired types of oscilla¬ 
tion. These modes are due to parasitic circuits formed by tube capaci¬ 
tances, stray inductance, and capacitance of lead wires, chokes, and so on. 
Since such oscillations absorb power, they represent a distinct loss in 
the circuit and must tic avoided. In addition, the voltages set up in a 
circuit by such oscillations introduce distortion and other undesirable 
effects. 

Parasitic oscillations can Ik* minimized by using simple circuits and by 
making interconnecting wires as short as possible. Screen-grid, or jientodc, 
oscillators are less conducive to parasitics if the screen grid is operated 
at ground r-f potential, and they are often preferred to triode oscillators 
for this reason. Parasitics are also less prevalent in circuits utilizing 
inductive output coupling than in circuits using other coupling methods. 

U-H-F Oscillators. The production of oscillations at extremely high 
frequencies presents several problems that require special circuit design. 
At such frequencies, the ]>eriod of oscillations becomes comparable to the 
time of transit of the electrons within the tube. As a result, pronounced 
difficulties occur in attempting to secure the proper phase relations 
between the alternating grid and plate voltages. 

QUESTIONS AND PROBLEMS* 

1. What are the advantages of a lnanter-Ohcillatur power-amplifier type of 
transmitter as compared to a simple oscillator transmitter l 

2 . Draw a simple schematic diagram of a pentode-type tube used as a 
crystal-controlled oscillator, indicating power-supply polarities. 

3 . What are the differences between Tolpitts and Hartley oscillators? 

4. Draw a simple schematic diagram .showing a f'olpitts-typc triode oscil¬ 
lator with shunt-fed plate, indicate pnwci-supply polarity. 

5 . By what means is feedback coupling obtained in a tuned-grid- tuned-plate 
type of oscillator f 

6. Draw a simple schematic diagram of a dynatron type of oscillator, 
indicating the circuit elements necessary to identify this form of oscillatory 
circuit. 

7. What may he the result of parasitic oscillations? 

8. Whnt are the principal advantages of crystal-control oscillator* over 
tuned-circuit oscillators ? 

9. Describe a multivibrator and list its characteristics and uses. 

10 . List the characteristics of a dynatron type of oscillator. 

* These questions and problem* are taken trom the "K i\i\ Study <hudc for C'onunorcial 
ltadio Operator Kx am in at inns." 



Chapter Ml 

RECEIVING-CIRCUIT PRINCIPLES 


A modem radio-receiving system consists primarily ot a system of 
vacuum tubes designed to separa'e the desired a-f component of a received 
iadio signal from the nonaudible r-f component. to amplify the relatively 
feeble signal voltage to usable pioportions, and to convert the final 
amplified a-f electric energy to energy in the form of sound waves to 
which the human ear is sensitive. The process of separating the a-f and 
r-f components of the signal is called detection, m rectification. The process 
of a nullification is sometimes accomplished prio ? to detection, sometimes 
after detection, and often both before and after detection. The process 
of converting a-f electric energy to energy in the form of sound waves is 
the final step in a receiving system. Chapter XIV is entirely devoted to 
the theory of this sound conversion. When amplification is accomplished 
before detection, it is done by means of an r f amplifier . When accomp¬ 
lished after detection, it is done by means of an a-f amjilifier. All the 
various processes outlined above arc combined to mnke up the complete 
unit called the receiver In modern receivers, each of these processes is 
accomplished by means of one or more vacuum tubes. Among other 
things, a vacuum tube requires for its proper ojreration a source of direct 
current to he applied both to the plate to supply a constant positive 
potential and also to the grid as bias. Early receivers utilized batteries 
for this purpose, but modern receivers almost universally utilize power 
park -s. Power packs function to rectify and to filter (smooth out) altern¬ 
ating current and make it suitable for use in vacuum tube circuits. Power 
packs are the outgrowth of the umveisal availability of alternating 
current. Mince power packs are an mtegial part of practically all receivers, 
it is fitting that the principle of such power units be discussed first and 
the remaining receiver processes be taken in their order. 

POWER PACKS 

Primary Sources of Voltage. The source of alternating current usually 
available is of comparatively low voltage. Thus, the 110-v a c power 
available in the average home is too low' for direct application to all but 
comparatively small radio receivers. In order to supply the higher 
voltages needed to operate most vacuum tubes, this primary voltage 
mast be increased, or stepped up, by means of a transformer. The 
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secondary output of the transformer is then rectified, filtered, and applied 
to the reoeiving circuits. 

In largo receivers, this function is performed by a scparute transformer 
called the plate transformer, Rin<*e it ultimately supplies power to the 
plates of vacuum tubes. 

In addition to the power necessary for plate consumption, it is also 
necessary to provide a means of heating the filaments of the receiver 
vacuum tubes. In a-c-o|Krated receivers utilizing indirect heater-type 
cathodes, alternating current nnrv he applied directly to the filainenls, 
as described in ('hap. X. The usual filament construction embodies 
filaments of low voltage consumption and comparatively high current 
consumption, the commonly employed heater voltages being 2.5, 5, and 
G.3 v. Such low voltages necessitate the use of a step-down transformer 
to decrease the line voltage of 110 v to the proficr 
value. Such a 1 ransformer is customarily referred 

to as a filament transformer. 

Most modern receivers emplov a simile trans¬ 
former with multiple secondary windings com 
hilling the functions of plate and heatcr-supplv 
transformers. The theory of transformers has 
been discussed in Chap. VII. Multifile secondary 
transformers are simply extended applications of 
single secondary transformers. The same relation 
of turns ratio to voltage ratio exists, blit the 
current ratio is determined by the load on the 
individual sccondarv windings. 

Figure NO illustrates a multiple sccondarv power transformer of a 
type often used as the basis for a receiver power pack. There are three 
windings: S x to provide G.5 v for the receiver tube healers; to provide 
the high voltage of 550 v for the plate supply, and to provide a 5 v 
source to heat the rectifier tula* filament. The turns ralio of each of the 
various windings to the primary winding P is directly dependent upon 
the voltage ratio in each case. Thus, the ratio of aS', to P is 


S/ S2 S3 

6 3v 550 v 5v 

2 amp 200ma 2 amp 



P 

110v 


Kmj. 140 ‘Mult 
muliiry pownr tnm->k>rm<*r. 


S. <U 

turns ratio ^ 0.057. 


(i) 


If the primary winding has 500 turns, therefore, the number of turns 
in secondary is found to he 

sccondarv turns *S, 500*0.057 2K.5. (2) 

The turns ratio of is 


A> 2 550 
P fit) 


turns ratio 


w 
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For the same primary winding mentioned above (500 turns), secondary 
S t will then have 

secondary turns -- 500 • 5 -- 2,500 turns. (4) 

Similarlv. the turns ratio of .S r 3 is 

S, 5 

turns ratio - j —^ — 0.045. (5) 

For the same 500-turn primary winding the tunis in secondary 8 Z 
will be 

secondary turns 8 3 500 ■ 0.045 22.5 turns. (0) 

The total current drain of the primary is found by working backward 
from the load. Thus, if tbe current drain in secondary S 1 is 2 amp, in 


S z 200 ma, and S 3 2 amp, the primary 

current is found as follows: 


primary current due to 8 X 

2 • 0.057 0.114 amp | 


primary current due to 8* 

0.2 ■ 5 -- 1 amp j. 

(7) 

primary current due to 

2 ■ 0.045 --- 0.09 amp J 


Therefore, 



total primary current 0 114 

r 1 t 0.09 1.204 amp. 

(«) 


A check can be made of the above calculation by use of Die formula 

r> J\ . p ; \ p* (») 

where /\ power in] mt to primary ; 

P x power output of secondary *V,, 

P 2 - power output of secondary *%, 

P A powei output of secondary S 3 . 


Then, 



primary powei 110* 1. 

204 

132.4 w. 

(10) 


secondary S l power 0.3 

; . 2 

12.0 w. 

(ii) 

se 

condarv S 2 power 550 * 

0.2 - 

Ill) w. 

(12) 


sect mdary 8 3 pow it 5 

i ■ ° 

10 w. 

(13) 

Substituting the 

above power \aluc in Kq. 

to). 




P fl 12.0 | 110 f 10 

132 

0 w. 

(14) 


Considering tliat the turns ratios were computed to only three decimal 
places, this value falls close enough to the previously calculated value of 
132.4 w to provide a satisfactory check. It should be remembered that 
the preceding treatment has been on tbe assumption that no losses occur 
in the transformers. Tn practical applications llie efficiency of the trans¬ 
former must be taken into consideration. 

Many of the smaller receivers in use at the present time embody power 
packs that utilize no transformer whatsoever. In some such cases, the 


18- (MV I 
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plate supply is obtained by rectifying directly the 110 v obtainable from 
the power lines. The heaters of the tul>es arc connected in series with a 
suitable resistor to maintain the proper voltage on each tube. Since the 
current is the same in all parts of a series circuit, the vacuum tubes used 
in such a receiver must have identical heater current ratings. A number 
of tubes have been develo|K*d having unusually high filament-voltage 
ratings, especially for this application. The tube complement of the 
roceiver is then so chosen that no scries resistor is necessary. 

The above system has the serious disadvantage of the low plate voltage 
available. A seheine to overcome this disadvantage is the so-called 

voltage-doubler rectifier sys¬ 
tem. This is described in 
detail in the following section 
on the rectifier. 

The Rectifier. Perhaps the 
most important unit in a 
power pack is the rectifier. 
The rectifier converts the 
alternating current obtained 
from the high voltage wind¬ 
ing of the pow er transformer 
to unidirectional current. 
Practically all modoru re¬ 
ceivers utilize 1 the unilateral 
conductivity characteristic of 
the vacuum tube for this 
purpose 

The theoiv ol operation of a vacuum tube as a rectifier has been 
described in (bap X The fundamental principle is the same as that 
employed by Fleming in lus early exjieriments. A circuit of a typical 
half-wave rectifier is shown in Pig. 141(a). A multiple secondary trans¬ 
former is utilized in this circuit simultaneously to provide filament cuirent 
for the heater and to supph the high voltage to be rectified to the plate. 
When a sine wave of alternating voltage is applied to the plate filament 
circuit of this system (tlirough the load R ± ), the plate is alternately 
positive mid negative witli respect to the filament. On the positive 
alternations, the electrons emitted from the filament are attracted by 
the jxjsitive charge of the plale, and current flows through the tube and, 
consequently, tlirough the load. Oil the intervening alternations, the 
tube plate is negative with respect to the filament, and electrons from 
the filament are repulsed by the plate. No current flows through the tube 
or through the load during these periods. Since the plate is positive only 
on every other alternation of the input cycle, the output is in the form 
of pulses, as shown in Fig. 141(b). Inasmuch as the voltage on the plate 



Input Output 

(b) 


Fju. ]41 (u) Klcmoid.irv lull vi n\ o TPitihoi 
circuit (b) Input and output want jouns m 
end ol (a) 
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is not constant during the alternation but varies in the form of the 
original bine wave, the current flowing through the tul>e also varies in 
amplitude in accordance with the plate voltage. Accordingly, the output 
pulses are in the form of an alternation of a sine wave. Nevertheless, the 
output current is unidirectional and is therefore a direct current. 

The output of a half-wave rectifier system, as shown in Fig. 141(b), 
can lie filtered by means of an inductive-capacitive network, which will 
lie described in the following section. The variations in amplitude of 
this direct cunont are removed by such a filter system, resulting in an 
output that is essentially uniform. This system is graphically depicted 


Rectifier output j Filter output 



i fa) 


Rectifier output I Filter output 

/^yyyYvv^^^— 

time j 

| fi) 

Phi 142. Oraplis showing filti'iuig iwtion. (n) Hall \\n\e. (bj Full wave 

m Fig 142(a). The d-c voltage value obtained from Midi a system is 
appreciably less than the effective value of a-c voltage originally applied 
to the rectifier that is, the voltage of the high voltage secondary winding. 
Fur this reason half-wave rectifiers arc not widely used, and, in addition, 
such a system is difficult to filter properly owing to the periods of zero 
voltage lioni the rectifier. 

A more efficient system in almost universal use is the full-wave rectifier 
system. This circuit utilizes two vacuum tubes so connected that each 
tuln* passes current during alternate alternations of the input cycle. 
Thus, if the plate of tube 1 is positive during the first alternation of 
input voltage, the plate of tube 2 is negative. Hence, current flows 
through tube 1 and not through tube 2. On the following alternation, 
tube 1 is negative, arid tube 2 is positive. Therefore, current flows through 
tube 2 and not through tube 1. Current ahvays flows in the output circuit 
throughout every part of the cycle and is always in the same direction. 

Figure 143(a) is a diagram of a typical full-wave rectifier, and Fig. 
14-3(b) shows the input and output wave forms for this circuit. The 
negative load connection is made to the center tap of the high-voltage 
secondary winding. At any instant, one end of this winding is positive 
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with respect to the renter tap, mid the cither end is negative with res]>ect 
to the renter tap. Thus, if the end of the winding connected to the plate 
of tube 1 is positive during one alternation with respect to the renter 
tap, then the end connected to the plate of tube 2 is negative with respect 
to the center tap. Since* the center tap is connected to the filaments of 
both tubes through the load resistance, this makes Ihe plate of tube 1 
positive with i-especi to its filament and the plate of tube 2 negative with 
respect to its filament. Current therefore flows through tube 1. No 
current flows through tube 2, because of the negative charge of its plate. 



(a) 



Kn. m (tfl Kull i('Hilm nn ml (l>) W.iw lonn-.fi>] t inuif ot in) 

The path ol 1 lie electron flow is fiom filament to pl.iti* of tube J, through 
the upper half of the high-voltage tianslonner winding to 1 lie center tap, 
from center tap to the negative load resistance connection. Ihtough the 
load resistance to the positive terminal, and thence hack to the filament 
of tube I. 

On the succeeding alternation, the plate of tube 1 is negative with 
respect to its filament, and the plate of lube 2 is now positive with respect 
to its filament. Current therefore flow’s through tube 2. The path of this 
electron flow is from filament to plate ot tube 2, through the him* half 
of the high voltage transformer winding to the center tap, from center 
tap to Ihe negative load resistance terminal, through the loud resistance 
to the positive terminal, and thence back to the filament of tube 2. Tn 
both eases, it will he noted, the current flow through the load resistance 
is in fh( name direction. Figure 14:i(b) shows the input and output wave 
forms for a full-wave rectifier system. 

Tube manufacturers soon recognized the need for simplifying rectifier 
systems. The so called full-wave rectifier tube w r as developed especially 
for application in full-wave rectifier systems, such as the one described 
above. Tills tube performs the functions of two half-wa^c rectifier tulles 
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in one envelope. Two separate plates arc utilized in the tube operatiug 
from a common filament or emitter. Figure 144(a) illustrates the con¬ 
struction of a typical full-wave rectifier tube. Typical modem tubes of 
this type are represented bv the ty]»e SO, r>IU(i, 3Y3G, fiZ.'l, 6X5GT, 
25Z5, 35Z5-GT, and many others. Figure 144(b) illustrates a full-wave 
rectifier circuit utilizing a tyjie HO lectifier tube. 

The development of the full-wave rectifier tube eliminated one of the 
advantages of the half-wave rectifier system over the full-wave rectifier 
system, namely, the need for one tube instead of two. The output of a 



utill/114* suLglu tulm 

full wc rectifier is more easily filtered because of the absence of pro¬ 
longed periods of zero voltage. In addition, since there are more voltage 
peaks |kt unit time than in the half-wave system, the full-wave rectifier 
is capable of delivering greater output for a gi\on input. Figure 142(b) 
graphic ally depicts the wave forms of a full-wave rectifier output as the 
current passes through a filter network. 

A unique scheme that was developed to incieasc the voltage output 
of a full wave rectifier is shown in Fig. 14.1(a). The d-c voltage output 
of Ibis circuit is approximately twice that obtainable from a half-w'ave 
rectifier operated on the same a-c voltage supply. In Fig. 145(a) two 
diodes (half-wave rectifiers) are so connected to two condensers that one 
diode is reversed electrically with res|>ect to the other. Each alternation 
of the a e supply cycle is therefore rectified. During the jieriod that one 
tube is rectifying, the condenser across the other diode is discharging 
through the load and the conducting diode. Consequently, the voltage 
across the load is the sum of the d-c output voltage of the conducting 
tulie and the discharge* voltage of the condenser, a lotal voltage approx¬ 
imately twice the d-e voltage obtainable from a half wave rectifier. This 
circuit is therefore called a voltage doubler. This has all the advantages 
of any full-wave rectifier system: easier filtering, increased output, and 
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so on. The type 25Z5 tube was especially designed for voltage-doubler 
requirements. It incorporates two separate diodes of the heater-cathode 
type in a single envelope. Figure 145(b) illustrates a voltage-doubler 
circuit utilizing a single ty|>e 23Z5 tube. 

The Filter. The pulsating voltage delivered by the rectifier output 
can be smoothed into a steady d-e voltage suitable for applying to the 
plate of a vacuum tube by being passed through an electrical network 



110v AC input 
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called a filter. A iilter is ordinarily composed of a combination of series 
inductances and shunt capacitances. Filters may be divided into two 
general classes inductance input liIters and condenser input filters - 
depending upon whether a series inductance or a shunt capacitor is the 
first unit on the input side of the tiller network. The above two classifi¬ 
cations may be further subdivided according to the number of sections 
or filter elements involved. A single filter section is customarily regarded 
as being composed of one senes inductance in combination with one 
shunt capacitor. The most commonly used filter circuits are those shown 
in Fig. 14(>. 

The fluctuation in the unfiltered output current of a rectifier is custom¬ 
arily called a ripple, since it is regular and periodic. The frequency of 
this ripple depends upon the nature of the rectifier. Thus, the output of 
a half-wave rectifier contains 60-c ripple (see Fig. 141(b)). The output of 
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a fall-wave rectifier contains 120-c ripple (see Fig. 148(b)). Harmonics 
of the ripple frequency aie always present in the rectifier output, but 
they are filtered more than the lower ripple frequency. 

The permissible amplitude of ripple iu the d-e supply of a receiver is 
very small and varies greatly with the tyj>e of circuit. Hippie in the 
power supply of a receiver is evidenced in the output in the form of a 
HO- or 120-c hum. Jf the receiver has many stages of amplification, the 
hum present in the first stage is amplified many hundreds of times and 
may assume serious proportions in the output. For this reason, the 
percentage of ripple must be kept very low in such receivers. On the 
other hand, in small midget receivers with low current drain and imperfect 



<b) 

Kin. 140 A mmiht'E of rciiniiioiilv usocl filter im mts. <n) CJioko input. (1») Condenser 
input. 


speaker baffling, a surprisingly large amount of ripple may be tolerated. 
In general, hovve\cr, the percentage of ripple present in well-designed 
power supplies is kept to less than \ per cent, and values of less than 
per cent are quite common. 

The tillering efficiency of a capacitor or a choke (inductance) is a 
function of the capacitive reactance and inductive reactance of these 
units, (lejieially speaking, the higher the inductive reactance of a choke, 
the more efficient its filtering action. Similarly, the lower the capacitive 
reactance of a capacitor, the more efficient its filtering action. Since 
inductive reactance increases with the frequency and capacitive reactance 
decreases with the frequency, it follows that a given choke and capacitor 
combination will more efficiently filter a 120-c ripple than a HO-e ripple. 
Consequently, a full-wave rectifier system requires less inductance and 
capacitance to filter it efficiently than does a lmlf-wave rectifier system. 

The filter action of an inductance is due to the counter emf of self- 
induction previously discussed in Chap. Y1J. Lcnz's law states that the 
back emf of self-induction is alw ays in such a direction as to oppose any 
change in the current that produces it. Accordingly, wdien a pulsating 
direct current such as the output of a rectifier is jiassed through an 
inductance, the effect of the back emf is to decrease the amount of 
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variation in the current. If the inductance is made large enough, it would 
be theoretically possible to eliminate entirely all variations in current 
amplitude, thus producing a uniform d-c output. Practically, however, 
a single inductance large enough to accomplish good filtering would be 
unfeasible. Therefore, the desired result is aeeoinplished by a combina¬ 
tion of inductance and capacitance or several such combinations. 

The action of capacitor charge and discharge lias been previously 
discussed in ('hap. VI11 . When the fluctuating output voltage of a reetilier 
is applied to a capacitor, the capacitor charges up to the peak value of 
the fluctuations. When the \ oltage input (rectifier output) to this charged 
capacitor tends to rfcrmiAc, the capacitor dittchatge-s into the circuit. 
When the voltage input tends to increase, the capacitor charges up again. 
The energy consumed in charging the capacitor on the voltage increases 
is taken from the rectifier and causes the peaks of tlie pulsating rectifier 
output to become flattened. During voltage decreases, the capacitor 

-_000D__. _r-vUOHj -1 discharges and tins onerj'v is 

J returned to the circuit, thus 

I i/?^ filling in spaces between peaks 
— J m the reetilier output wu\e 


_fj/?L 


{&.) (b) form The circuit voltage, 

Kn. 147 (a) rciomcjitaiv < imkp uipui til in therefore, after Jia\ing been 

r-m-mt. (b) Klnnmtiirv r-.., put (,11m to a |ialm „ 1Wt no 

longer rises to sluup peaks at 

the crest of each pulse, nor does it fall to zero between pulses. 

In an inductance input filter system, such as thal shown in Fig. 147(a), 
the input inductance prevents anv rapid changes (either increases or 
decreases) in current tluoiigh it. Therelore, the variations of the voltage 
impressed across the capacitor are not so great as were those of the rectifier 
output, and the capaeitoi (‘barges up to the avnagt value of the original 
input fluctuations. In the ciipacitor-input filter system of Fig. 147(b) 
the capacitor is connected direct I \ across the output of the rectifier, and 
the capacitor charges up to the ptak value of the voltage fluctuations. 
The larger the capacitance of this capacitor, the more charge it can take 
the more it must discharge to have its voltage drop to a certain point, 
and the longer it takes to discharge to tins point. Accordingly, in a 
capacitor input filter, the voltage output incieases as the capacitance of 
the input capacitor is increased. 

In the choke input filter, the size of the capacitors used does not 
appreciably abort the magnitude of the output voltage. The capacitance 
values do, of course, affect the filter action. The voltage across any 
capacitor of a choke input filter is alway* lower than the voltage applied 
across the input capacitor in a capacitor input filter operating from the 
same rectifier source. In the latter ease, the voltage applied to the 
capacitor is very nearly the peak voltage of the rectifier output. For this 
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reason, the voltage output of a capacitor-input type of filter is always 
higher than that of a choke-input type of filter. In the choke-input 
circuit, the voltage applied to the first capacitor is equal to the average 
value of the input voltage less the IR drop in the first inductance, which 
is due to the resistance in the first inductance. 

The number of sections utilized in either type of filter is dictated by 
the rip]do voltage permissible and In economic factors. Thus, a filter 
system could be designed for a receiver for any given percentage of ripple 
voltage utilizing only one section. If the permissible minimum ripple 
voltage is extremely small, however, the physical size of inductance and 
capacitance necessary to achieve 1 lie desired result would be so great as 
to become impractical. Thus, if a large inductance is necessary, that is, 
one having many turns of yyne, then wire of fairly heavy gauge must be 
used to prevent undue a ullage drop in Ihe filter due to the resistance of 
Die Mire. The desired results are obtained by utilizing a iiltcr having two, 
or even more, sections, and in such a filter, much smaller components 
may he used with the sumo result. Filters having more than two sections 
arc very rarely necessary in receiver circuits. 

It is possible to design filters mathematically with a fair degree of 
accuracy to gi\e any desired attenuation of ripple. It is customary in 
such mathematical treatment to consider each section of n filter separ¬ 
ately. Accordingly , the circuit constants for the input section are treated 
first; then, the circuit constants of the subsequent sections in their order 
arc treated. 

In a capacitor-input filter, the input capacitor is considered as the first 
section of the filter. The first series inductance and second capacitor 
are considered jointly as the second section. All the subsequent sections 
arc then treated in the same manner as the second section. 

In a choke input filter, the first section is taken as the input choke and 
first capacitor. All subsequent sections are treated in like manner. 

The enrrect value of capacitance for the input section of a capacitor 
input filter is computed from the formula 


1.41 

ZirfRk 


( 1 «) 


where capacitance of input capacitor in farads, 

1.41 - constant for all cases, 
it the constant 3.14 , 

R resistance of Ihe loud to which the filter is to be coupled, 
plus d-c resistance of any series inductances; 

/ - the cutoff frequency (minimum frequency to he attenuated); 
k - ripple-frequency percentage output of this section in 
decimal form (standard practice is to bring the output- 
ripple percentage down to less than It) jier cent in the 
first section). 
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The cutoff frequency / is llie minimum frequency to be attenuated. 
In filtering the output of a full-wave rectifier, this frequency (in the 
case of a 60-c a-c supply) will be 120 c; in other words, 120 c will be the 
fundamental ripple frequency. There will be no lower ripple frequencies 
present in the rectifier output, since all harmonics of this fundamental 
frequency will be multiples of 120. If the output of a half-wave rectifier 
is being filtered, the fundamental ripple frequency will be 00 c, and the 
cutoff frequency to be substituted in Eq. (115) will, accordingly, be 60 o. 

The calculation of the circuit constants for the second section of a 
capacitor-input tiller is based on the formula 


LV 


a -- 6 


(16) 


where IJ 1 — product of series inductance in hcnrys and shunt capacitance 
in farads; 

a - percentage input ripple voltage; 

I) -- percentage outpul ripple voltage; 
it - constant 3.14; 

/ — cutoff frequency. 


The percentage values of ripple voltage should be substituted directly 
iu Eq. (16). They should not be first reduced to decimal values. Thus, 
if there is 10 per cent input ripple voltage and it is desired to reduce the 
ripple to 0.4 per cent (four tenths of I per cent), the value of a — b in 
Eq. (16) becomes 0.6. The value of 6 in the denominator will be 0.4. 
The percentage input ripple voltage to this section is obtained from the 
percentage of output ripple voltage calculated for the first section from 
Eq. (IS). 

Circuit constants for subsequent sections in this same filter -third, 
fourth, and so on are obtained by substitution in the same Eq. (16). 
The percentage input ripple voltage in each ca^c will equal the percentage 
output ripple voltage of the preceding section. 

The LV product obtained from the solution of Eq. (16) can be derived 
from an infinite number of combinations of L and C. Considerable leeway 
is available iu the choice of these individual circuit elements, the proper 
selection being restricted only by practical circuit considerations and 
design eeonoinv. 

A very popular form of the capacitor-input type of filter is the brute- 
force filter, so named by Ballantine. This filter consists of two-sections 
and is shown in Fig. 148(a). The design procedure for this tv|>e of filter 
is illustrated in the following problem. 


Problem. It is desired to design a brute-force type of capacitor-input filter 
to supply 260 v at 65 ina direct current from a fidl-wavc rectifier. The 
frequency of the single-phase supply source in 60 c. The output ripple voltage 
must not exceed 0.1 per cent (one tenth of I per cent). 
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Solution, The effective resistance of the load (R L , Fig. 148) will be 

280 

* h l -- 0 im ^ 4,000 ohms. 


( 17 ) 


Standard practice is to keep the percentage output ripple from the first 
section down to less than 10 per cent. The percentage input ripple to the 
second section is therefore chosen as 10 per cent, and the percentage output 
ripple from the section to satisfy the problem requirements must Ik* 0.1 per 
cent. For a 00-c supply, the fundamental ripple frequency will be 120 e. 

{Substituting in Formula (10), 


10 — 0.1 

L( “ 0.1(4)(7r) 2 (120) a 


0.000174, 


(18) 


where L is in henry* and ( 1 is in farads. For convenience in handling, tliiu call 
be converted to 174 by multiplying by 1,000,000. L can tlien Ik* taken in 



(a) 


(h) 

Km US. 


henrys and <' in microfarads. An H-/if capacitor ami a 22-henry choke will 
fulfill the requirement* nicely. The values of the actual elements chosen for 
this section need not be exact, so long as they are not nmalUr than the calculated 
requirements. Thus, a 22- or 25-henry choke could be used without detri¬ 
mentally affecting the output ripple voltage. Any discrepancy in calculation 
resulting from such a choice will tend to flccmvic the output ripple voltage, 
so that in any ease, if the calculated minimum requirements are met, the not 
output ripple voltage will be 0.1 per cent or less. 

It is important to choose a choke that lias a minimum of d-e resistance so 
that excessive voltage drop will not be experienced in the filter at the required 
current How. If the choke having a‘resistance of 200 ohms is chosen for the 
filter in question, this value must be added to the load resistance computed 
in Kq. (17) to find the effective load resistance across the first section of the 
filter. Ky substituting in Formula (15), 

141 , fim 
tt.28(I20)(4,;«K))(0.l) ‘ 1 

whore 120 — fundamental ripple frequency; 

4,300 - effective load resistance (4,000 + 300); 

0.1 ripple output from this section in decimal form (10 j>er cent). 


Solving, 


or 


r - 0.00000445 f, 
(' - 5 ,yf. 


( 20 ) 

(M) 
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A brute-force filter to meet the given requirements would therefore have 
circuit elements as follows ■ 



22 h. 

(22) 

f’l 

H /rf, 

(23) 

f. 

5 //f 

(24) 


The calculation of circuit elements for a choke-input filter requires 
slightly different treatment. The input choke requires special consider 
ation, since satisfactory i>cak current and the degree of voltage regulation 
depend upon its inductance value. The circuit values for the first section 
of a choke-input filter are calculated from the* formula 


LV 


0.607 

IAttY 


(26) 


where k 

J 

0.607 


ripple ouf put percentage from this section in decimal form , 
cutoff ripple frequency (fundamental ripple frequency): 
a (*onstant for full wave 60 e power supply. 


The value obtained for fJ 1 in the above formula is the product of L 
in henrys and C in farads. The exact value of L is derived from the 
following formula : 

0.007 A* 

v ■ |2#) 

a constant for full-wave 00-c .supply , 
effective load resistance for the first section, including the 
filter output load plus the series resistances of*the input 
inductance and am subsequent inductances in the 
lilter, 

cutoff ripple frequency [for the full-wave 00-c souiee in 
question, / will be 120 e in both Formulas (26) and 
(26,|. 


where 0.667 
R 


I 


The calculations for an} subsequent sections of u choke-input type of 
filter are computed in the same manner as the subsequent sections in a 
capacitor-input type ol‘lilter. They are based on Formula (16). 

Problem. It is dcsiird tu design .i Iwo-siitiun (Imkc-inpul type of fillet, 
as sliow r n m Fig. 148(b). The liltei is to operate fiom a full-wave rectifier on a 
60-c single-phase source The powei to be* supplied is 200 v at 60 ina. The 
permissible outjmt ripple voltage is 0 4- per cent (four tenths of 1 per cent) 


Solution. For the lull-wave leetitier under consider ation, the fundamental 
ripple frequency will be 120 e According to standard practice the ripple* output 
from the first section will keep down to 10 pei cent The input ripple voltage 
to the second section will, therefore, be 10 jiei cent. Substituting in Formula 

Lr 0.4(3 Lvm < 27) 
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inhere L is in lienrys and C js in farads. To faoib'tntr handling, this figure can 
be converted to 42.2 by multiplying by 1,000,000. L is then taken in lienrys 
and C in microfarads. A lO-li choke and a 4.22-//f capacitor would meet the 
exact computed requirements, tint since 4.22 fd is an odd capacitance value, 
5 fd may be used, and the minimum requirements will Ik* satisfied. 

The eirouit-element \ a lues for the first section arc found by substituting in 
Formula (25). Thus, 


U i 


0.U000J 17, 


(28) 


0.667 

o.ip^jiiao)* 

where L is in henry s and (’ K in farmls. The exact values of L and V are found 
by substituting in Formula (26). The output load resistance is found by sub¬ 
stituting the given values of voltage and current in Ohm’s law. Thus, 


R 


E 

1 


200 

0.05 


4,000 ohms 


m 


If the choker chosen foi service m hoth sections are assumed to have a 
total resistance value of 200 ohms, the net, or effective, load resistance into 
which tiie fir^t section is working will equal 

4,000 | 200 - 4,200 ohms (20) 


Substitution in Formula (26) gives 


0.667(4,200) 

0.28(120) 


2.7 h. 


CU) 


Since the value obtained in Kq. (28) is the product of h and ( i for this section, 
the value of ( 1 is found l\v dividing this product h\ /> 

0 0000117 

( 1{ 0.0000022 f 2 2 fd (22) 


An inductance value of 4 h and a capacitance of 4 fd would, therefore, 
ensure an output ripple voltage not in excess of 0.4 per cent for the entire liIter. 

The capacitors used in filler ciieuits mu«1 be capable of continuously 
withstanding a d*e voltage equal to the peak n-c voltage applied to the 
rectifier. Often it is found necessary to use two capacitors in series to 
take the place of a single high voltage rating capacitor. This practice is 
not recommended for any power pack subject to continuous or semi- 
continuous service. When capacitors are connected in series, the d-c 
voltage is divided between them in proportion to their leakage resistances 
rather Ilian to their dielectric strength Hence, the voltage distribution 
is variable and uncertain. When capacitors are connected in this way, it 
is desirable to shunt each of them with an appropriate resistor to help 
stabilize the voltage distribution across them. 

The inductances used in u filter system are of the laminated iron-core 
tyjH?. Cores made of magnetic material, such as iron, greatly increase 
the flux produced by a given magnetomotive force, Consequently, by 
the use of magnetic con* material it is possible to obtain a large inductance 
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in a physically small unit, which utilizes relatively few turns of wire, 
with all the attendant advantages. Iron cores, however, have a serious 
disadvantage particularly important in filter circuits, in that they are 
subject to the phenomenon of magnet it saturation. 

The magnetic permeability of iron may be compared to the ability of 
a sponge to absorb water. When there is very little 'water in the sponge, 
it will very readily soak up more, when the sponge is almost saturated, 
however, it soaks up additional water only with difficulty. Similarly, 
when the current flowing through an iron-core inductance is very low, a 
comparatively small increase in current will appreciably increase the 
flux density. When the cuirenf flowing through the iron-core inductance 
is high, the flux density approaches an upper limit, and a similar small 
increase in current will increase the flux density very little. 

When the current is so high that the flux density is very near its upper 
limit, the core is said to be magnetically saturated. The incremental 
permeability of the iron, which is the ratio of the change in flux density 
to a given small change in magnetomotive force, decreases as the current 
in the windings increases. Since the apparent inductance for small 
changes in current, or ripple, depends on the incremental permeability, 
the effectiveness of ail inductance in a filter will decrease as the load 
current from the power supply increases. 

In oilier to obtain a larger inductance at largo current values, common 
practice is to provide an air gap in the eore of the choke. Such a choke 
has a lower inductance at low current values tliau has a similar choke 
with no air gap, and it also has a higher inductance at large current 
values. 

This change in inductance with magnetomotive force is sometimes put 
to good use, as in the swinging choke , which utilizes a small air gap m 
its core. The swinging choke is used only as the first inductance in a 
choke input filter. At lower current values the percentage of ripple is 
somewhat higher, but the lower inductance of the input choke allows 
the filter to function more like a capacitor input filter. The result is a 
pow r or supply with better regulation, that is, more-constant voltage under 
varying load. 

The application of voltage divider and bleeder circuits for power packs 
has been discussed in Chap. IV and need not he related here. A complete 
power-supply unit, or power pack, includes power transformers, rectifier, 
filter system, and voltage divider. 

Rectifier tubes for use in puw r cr packs are rated according to maximum 
permissible effective a-c voltage per plate, maximum current-carrying 
capacity, and ma.rimvm peak inverse voltage. The last expression refers 
to the maximum negative voltage that the tube can withstand without 
breakdown (arcing between electrodes). The inverse voltage present at 
voltage peaks across a rectifier tube is usually well in excess of the normal 
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circuit voltages. In general, for the type of rectifier circuits previously 
discussed, the maximum peak inverse voltage is 3.14 times as great as 
the d-c output voltage from the rectifier. 

THE DETECTOR 

The heart of any receiving system is the detector circuit where the 
received r-f signals are converted to a-f currents. Before proceeding with 
the theory of detection, it is necessary that the reader be familiar witli 
the nature of the complex wave form which constitutes the received 
signal. 

The theory of modulation is discussed in detail in Cliap. XTIT. The 
modulated wave radiated by a radiotelephone transmitter will not, 



(a) ih) 

Ki< 14 a 


therefore, be analyzed objectively here. It will suffice for the purpose of 
this soctiou to consider ike nature of the modulated wave without re- 
garding the manner of its creation. 

The signal voltage present in a receding antenna system in the case of 
u pure, unmodulated signal is in the form of a symmetrical h-f (r-f) 
alternating current as shown in Fig 149(a). It will be observed that the 
amplitudes of successive peak values of this alternating current arc the 
same. Such a signal voltage is therefore said to he unmodulated.* 

The process of modulation consists basically of suiierimposing an a-f 
current upon such an x f current. An r-f current modulated by a single 
a-f current having a sinc-wavc characteristic is shown in Fig. 149(b). 
Such a signal is said to lie amplitude-modulated because the process of 
modulation has changed tlic amplitudes of successive j>cak values of the 
original r f signal. The jieak values of r f voltage vary in exact accordance 
with the amplitude of the impressed a-f voltage. The r-f signal voltage 
is called carrier because it fulfills the function of “carrying"’ the audio 
voltage. When a number of different audio frequencies are superimposed 
upon the earner simultaneously, as occurs with voice modulation, it is 
readily apparent that the resulting modulated w ave form is quite complex. 

The primary function of a receiver is to separate the audio component, 
or envelope , as it is called, from the carrier, or r-f component. Offhand, 

* Frequency modulation ih discussed separately m a later suction of this chapter. 



27(1 


RADIO TECHNOLOGY 


it would appear that this could he quite simply accomplished by im¬ 
proving the modulated signal across a circuit that is resonant only to 
the audio frequency. If this were done, however, the resulting a-f voltage 
would have the form shown in Fig. 150(a). Tm audio frequencies would 
be present in the circuit, one above the zero line and one below the zero 
line. An ifuqtcctmn of Fig. 150(a) shows that at any instant the audio 
voltage above the zero is equal in amplitude and opposite in polarity to 
the audio voltage below' the zero line. The two voltages would, con¬ 
sequently, balance out, resulting in zero audio voltage. Obviously, it is 
necessary to rectify the modulated carrier before impressing it across an 
audio circuit. Thiis process of rectifying a signal voltage is called 
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"detection" m receivers. The detected or rectified, output ot a detector 
circuit having an input in the form shown in Fig. 1411(b) would appeat 
in the form shown in Fig 150(1)) If this voltage output is now impressed 
across an amplifier that responds only to audio frequencies, the resultant 
output would apjiear in the form shown in Fig. 150(c). If this pure a f 
signal shown m Fig. 150(c) is then applied to a sound-con verting unit, 
such as an earphone, as described in ('bap. XIV, it will set up sound 
waves of the same frequency as the audio voltage 

Although numerous systems of detection have been devised since the 
inception of radio, the most important are those utilizing the vacuum 
tube. Modern receivers employ three major systems of vacuum-tube 
detection: plat< ddretion, grid-leak dftectioih and diode detection. 

Plate Detection. A plate detector is essentially a system in which the 
grid bias is kept at a negative value high enough to operate the tube at 
or near the cutoff point. Since the tube depends for its detector action 
upon the critical value of grid bias, this system is often called grid-bias 
detection. Figure 151 is a graph of the input and output wave forms for 
a plate-detector tube. 

One of the principal advantages of plate detection is that relatively 
large a-f power outputs may be obtained with a given input signal 
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voltage because plate detectors amplify as well as detect the signal 
voltage. This system of detection is used where relatively large values 
of input signal voltages are handled, as in receivers where considerable 
amplification of the signal is accomplished prior to detection. The plate 
detector is capable of handling large inputs because* of the high value of 
bias that is used. A considerable value of signal voltage would have to 
Ixj applied before the grid would lie driven positive. 

Plate* detection is not suitable for low detector input applications. At 
low \ alues of input signal voltage, the sensitivity of a plate detector is 



Km 1 1 


lower Umn in other forms of detector. In addition, because of the 
curvature of the characteristic at low input values, considerable distortion 
ol the signal occurs. Nevertheless, the major portion of a plate detector's 
characteristic is linear, and good fidelity and output mu\ be obtained 
by its use. 

Grid-leak Detection* III the grid-leak system of detection, the entire 
process of detection takes place in the grid circuit, and the plate circuit 
functions merely as an amplifier. In this system of detection, no external 
bias is applied to the tube (sec Fig. 1.12), The modulated earner is 
applied to the grid-cathode circuit through capacitor (\. Since the a-f 
output in a grid detector depends entirely upon the amplitude of the 
a-f component across the grid-cathode input, it is necessary to build up 
maximum a-f voltage across this circuit. Therefore, the value of (\ is 
chosen to give a very high value of reactance at audio frequencies while 
offering a minimum of reactance to the r-f carrier. Values of 0.0001 and 
0.00025 fit are common. 

INY | 
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In the absence of bias, the grid becomes positive on positive alterna¬ 
tions of signal voltage, and electrons from the cathode are attracted to 
the grid. Unless provision were made to allow a direct current to flow 
from grid to cathode to restore these electrons to the cathode, the electrons 
would accumulate on the grid. In a short time the negative charge on 
the grid would become so great that tlic tube would he “ blocked,” that 
is, no plate current would flow. This electron accumulation is prevented 
by introducing a resistor across (\ ( li g , Fig. 152), thus permitting a 
direct current to flow around the grid-catliode circuit. This resistor is 
called a grid leak, since it fulfills the function of allowing the grid electrons 
to leak back to the cathode. The value of grid Leak is kept fairly high 
(usually from 1 to 3 megohms) in order not to short-circuit the high 
reactance of condenser to audio frequencies. Nevertheless, a com¬ 
promise value must be attained that will not cause distortion at higher 

amplitudes of input voltage. 
The greater the input voltage, 
the greater the current flow 
through the grid leak and, hence, 
the greater the average negative 
bias on the grid. Wheu the grid 
bias increases, the efferti\e 
resistance of the grid circuit 
increases, causing possible dis¬ 
tortion at the higher audio frequencies. The grid leak should not be 
permitted to exceed a value that will introduce a-f distortion. 

In the plate circuit of the grid leak detector, the r-f component of the 
rectified plate ament is b> passed across the output by a capacitor 
C T ( ^ is given a value that will present minimum reactance to radio 
frequency and yet offer high opposition to audio frequencies. Practically 
none of the r-f component, therefore, appears across the input to the 
succeeding audio amplifier, and the a f component is comparatively 
unhindered. 

Grid-leak detectors find then 1 greatest application in circuits where 
extreme sensitivity is of paramount importance. They are easily over¬ 
loaded with resultant distortion and, in general, should not be used in 
circuits whore amplification is available ahead of the detector. 

Grid-leak detectors are especially suitable for regenerative-detector 
circuits where it is desired to take advantage of the extra amplification 
and sensitivity afforded b} T feedback. Such circuits are also used when it 
is desired to make the detector oscillate to facilitate the reception of 
o-w (telegraph) signals, which are unmodulated. Telegraphy is accom¬ 
plished by interrupting the r-f carrier so that the omitted r-f pulses form 
the dots and dashes of the Morse code. Figure 150(d) illustrates the 
signal-voltage transfiguration for the letter A in Morse code. Detecting 
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such a signal in itself accomplishes no useful purpose, since there is no 
a-f component present to appear in the output. The principle of hetero¬ 
dynes discussed in Chap. XI is applied to generate the necessary a-f 
component. The feedback in a regenerative detector is increased 
sufficiently to make the detector oscillate. By slightly detuning the input 
circuit, the frequency of oscillations is made to differ from the frequency 


R-F 

input 



A-F 

output 


of the signal voltage by an amount that is an audio frequency. The 
resulting difference beat frequency, or heterodyne, is then present in the 
complex signal impressed upon the detector input circuit and appears 
as an a f component in the plate circuit. This function is also performed 
by a separate oscillator tube coupled to a nonregenerativc detector input 
circuit. A typical regenerative detector circuit is illustrated in Pig. 153. 

Diode Detection. Because 
of distortion and hum aris¬ 
ing in the audio-ampliiier 
htages following the detec¬ 
tor, it lias become standard 
practice to use considerable 
amplification preceding the 
detector and comparatively 
little in the audio amplifier. 

Such procedure necessitates 
a plate del ector capable of handling high input voltages and delivering high 
audio power output. The distortion that often occurs in such detectors 
because of their nonlinearity led to the development of the diode detector. 
The diode detector operates on the same principle as the half-wave 
rectifier utilized in power packs and has the advantage of true linearity. 
An ordinary triode tube, such as the type 5(i, is often used as a diode 
detector, as shown in Pig. 154. When the positive half cycles of input 
signal voltage are applied to the grid, current flows in the grid-cathode 
circuit through resistor R v The IR drop across R x supplies the audio 
voltage to be impressed across the following audio stage. During negative 
half cycles, no current flows through the grid circuit, and true rectification 
is accomplished. 



Fin. 154. \ diode dutei tor circuit employing a 

tnode tul»o 
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Modern design practice led to the development of special tubes for 
diode detector circuits, for example, the type i55, where a diode detector 
and triode audio amplifier are combined in the same envelope. 

Although diode detection is not inherently a sensitive system, it 
possesses the tremendous advantages of minimum distortion and the 
ability to handle either high or low input voltages with almost the same 
degree of linearity. 

THE R-F AMPLIFIER 


Radio-frequency amplifiers may be divided into two broad classifica¬ 
tions —'untuned and tuned. Untimed r-f amplifiers arc those in which 
any or all the r-f signal voltages existing in the antenna system are 
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amplified (theoretically equally) liefore being impressed across the 
detector input circuit. In receivers using suc h a system discrimination 
against undesired signals is accomplished solely by means of tlie* selectivity 
of the detector iirput resonant circuit Because of the relatively close 
spacing of radio stations in the frequency spectrum under present con 
ditions, the selectivity a (lorded by a single tuned circuit is not sufficient 
for proper discrimination against unwanted signals. This is especially 
true when it is necessary to tune in weak distant stations through powerful 
local station interference for that reason untuned i-f amplifiers are 
almost never used in modern receivers. 

The Tuned R-F Amplifier. Figure 155 illustrates a typical three-stage 
tuned r-f amplifier utilizing triode tubes. Any signal voltages present 
in the antenna cause* a difference of potential bet ween the antenna itself 
and ground, thus causing a flow of current through coil L x to ground. 
Normally^ therefore, a great many currents of various frequencies will 
flow r through coil L v each representing a different station picked up by 
the antenna. All these currents are induced by transformer action to 
coil L 2 , which is customarily wound on the same form. It is also common 
practice to provide a small amount of voltage step-up in the transformer 
LJj 2 . The coupling between these coils is usually determined empirically 
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and is so chosen as to provide maximum signal to unwanted noise ratio* 
All the above currents circulate in the tank circuit composed of the 
inductance L % oil one side and the capacitor (* 2 on the other. Each of 
the currents causes a difference of potential between the grid side of the 
tank circuit and the cathode circuit. The voltage across the grid-cathode, 
or input, circuit of the first r-f amplifier lube for each frequency is derived 
bv Ohm’s law 

E - IZ , (33) 

whew I - current through L 2 (7 a at one particular frequency; 

Z -- impedance of this parallel circuit at that frequency; 

E - voltage devrhqied across the circuit at that frequency. 

It is apparent that there will be as many voltages impressed across the 
grid-cathode of the tube as there are currents of different frequencies. 
The parallel circuit L 2 (\, however, is resonant at only one of these 
frequencies. Ojierating as an antiresonant circuit, consequently, this 
circuit offers maximum impedance to only one frequency. The voltage 
drop across the circuit and the resultant \ oltage impressed across the tube 
will therefore be very great at this one frequency and relatively smaller 
at other frequencies. Since C 2 is a variable capacitor, this frequency can 
be chosen at will w'ithin the limits of the circuit constants by varying the 
resonant frequency of the circuit, or tuning it. 

The process is repeated in the following amplifier stages. In each 
stage the tank circuit is resonated at the same desired frequency. As a 
result, a comparatively powerful signal voltage is presented to the 
detector at the desired frequency. The voltages at all other frequencies 
are so small by comparison, having obtained little or no amplification, 
that the detector is not sensitive enough to rectify them. Hence, they 
do not appear hi the a-f component of the detector output. 

If the parallel tank circuits of each grid of an r-f amplifier were coin* 
posed of pure inductance and pure capacitance, the impedance would 
rise to infinity at resonance (see Chap. IX). Actually, of course, all such 
circuits possess resistance so that the impedance pusses through a max¬ 
imum value at resonance. The smaller the resistance, the higher the 
imj>edance value at resonance. If such a parallel circuit is a high- 
resistance circuit, the resonance impedance value is comparatively low. 
The ratio of impedance at resonance to impedance at frequencies other 
than the resonant frequency is therefore diminished. Consequently, a 
considerable portion of the circuit selectivity is lost. 

In the usual tv]>c of resonant-frequency circuit, the r-f resistance of 
the circuit is almost entirely in the coil. The losses in a properly designed 
capacitor are negligible in comparison with those in the coil. It can be 
seen, therefore, that the selectivity of a parallel resonant circuit is a 
function primarily of the coil resistance and the coil reactance. The 
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efficiency of a coil in this respect is conveniently referred to in terms of 
the ratio of the coil reactance to the effective resistance of the coil. It is 
standard practice to represent this ratio bv the symbol Q. In modem 
design practice, the Q of a coil is considered one of the fundamental coil 
properties. Expressed mathematically, 


X_ L a nfL 

R R 


(34 



It is apparent that the higher the Q, the greater the selectivity of a 
parallel circuit. Q values from 50 to several hundred are quite common 
in modem receivers. Figure 156 illustrates several frequency response 
curves for circuits having different values of Q, The amplitude of the 
signal voltage dovolu|ied across the parallel circuits having different 
values of Q is shown at the resonant frequency and for frequencies a 
considerable amount on either side of resonance. 

As described in Chap. XIII, a modulated carrier signal is composed 
not only of the original carrier radio frequency but also of the side-band 
radio frequencies on either side of the carrier. These side bands are the 
result of the heterodyning of the carrier frequency with the \arious audio 
frequencies superimposed upon it by the process of modulation. In order 
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properly to transmit such a complex signal through a receiver network, 
the side bands must be amplified with the same fidelity as the carrier 
frequency. Consequently, in the design of r-f amplifiers for receivers 
intended for modulated carrier reception, it is necessary that the frequency 
response curves for the tuned circuits have flat tops over the region 
covering both side bands and carrier frequencies. Often considerable 
selectivity is sacrificed to accomplish this end. In many cases, the desired 
result is achieved by tuning successive circuits in an amplifier to resonance 
at frequencies slightly removed from and on opj>osite sides of the carrier 
frequency. This is shown in Fig. 157. 

Early receivers incorporating tuned r-f amplifiers used separate variable 



capacitors for the tuned circuit of each .stage. Each stage had to be 
tuned separately to resonance with the desired signal, thus necessitating 
a number of controls for proper manipulation of the receiver. Fracticallv 
all modern receivers utilize ganged capacitors. These are capacitors that 
are physically connected so that thej may l>e tuned simultaneously by 
means of a single control. Earl\ tyjies of ganged capacitors utilized 
some form of l>elt or gear drive. Modern ganged capacitors arc manu¬ 
factured as a single unit with the rotor plates of each section mounted 
on a common shaft. 

The principal trouble cx}>erieiioed with triode-type r-f amplifiers, such 
as that illustrated in Fig. 155, w r as a tendency to oscillation. As described 
in Chap. XI, such oscillation is likely to occur in any amplifier circuit 
when the plate circuit of a tube is tuned to the same resonant frequency 
as the grid circuit. This condition exists especially at the liigher fre¬ 
quencies, since any capacitive coupling between input and output 
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circuits of an amplifier becomes lower in reactance as the frequency 
increases. 

In a triode amplifier, practically all the feedback coupling occurs 
through the platc-to-grid interelectrode capacitance of the tube, but 
thin condition may be readily circumvented by introducing an additional 
capacitance between output and input circuits. The additional capacit¬ 
ance is usually in the form of a small variable capacitor (such as a 
trimmer) whose capacitance is experimentally adjusted until it is exactly 
equal to the plate to grid interelectrode capacitance. This capacitor is 

so connected in the circuit that 
at any instant the current 
through it is 180° out of phase 
with the feedback current flowing 
through the plate to grid capa¬ 
citance. Since the two currents 
arc then equal and opposite in 
polarity the feedback current 
through the tube is balanced 
out or neutralized b\ the oxter 
mil capacitor current. This pro 
cess is called neutralization, and 
tuned r-f receivers incorporating 
neutralized r-f amplifiers are 
called neutrodynes. 

A number of ingenious schemes 
have been devised for accom 
plishmg neutralization in r-f am¬ 
plifiers and a few of the more 
(ommoiilv used circuits arc illus¬ 
trated in Fie. 1T»H. Since the 
advent of the screen-grid tube, 
whose internal c*4instruction pre¬ 
cludes the possibility of inierelcelrode feedback (see (Imp. X), triode 
r-f amplifiers have heroine practically extinct in receivers Neutralization 
is still an important function in many transmitter circuits, however, and 
is discussed in detail in ('hap. XIII. 

The Screen-grid R-F Amplifier. So far as the principle of amplification 
is concerned, the screen grid amplifier functions in exactly the same 
manner as the triode amplifier. The principal advantage of screen-grid 
amplifiers is the hick o£ oscillation troubles due to interelectrode capacit¬ 
ance. Modern receivers utilize pentode-type tubes as r f amplifiers 
because of the greater fiermissible plate swing and resultant greater 
gain. Both the tetrode- and jientode-tvpe tubes permit much greater 
amplification than is possible with the triode tube. In addition, greater 



Fio. J58. T\ |jich1 neutralizing circuits (r») 
The Rko ciiruit. (Ii) The noutmilvuc (Il«i/t j l 
tine) circuit (<) The KrnJtfC (Hnllunt inn mid 
thill ) circuit. 




RBOEJ ViNd-GIRCUir PRINCIPLES 


27D 


circuit efficiency is possible because of the letter imjiedanee match 
lietwoen the high plate resistance of pentode and tetrode tubes and the 
coupled resonant circuit plate load. 

Care must l>e taken, because of the higher gain per stage in this type 
of amplifier, to reduce stray coupling to a minimum. It is usually neces¬ 
sary that tetrode and pentode r-f amplifiers be well shielded throughout. 
In addition to shielding of the tube and r-f transformers, it is sometimes 
necessary to shield individual leads. Feedback troubles are often experi¬ 
enced because* of the coupling that exists by virtue of the feeding of 
several amplifier stages from a common power supply. In order to 
minimize coupling from this source, individual lesistanee-eapacitanco 
filters are usually inserted in the power (plate and screen grid) leads. 


/?-/= 

Input 



Such filters operate on the same principle as filters in power packs. For 
reasons of space and economy, resistors arc used in place of choke (‘oils. 
Since the total current flowing through such a resistor in a single power 
lead is comparatively small, the d-c voltage drop is not out of hounds 
and can be tolerated. Main receivers utilize choke coils, however, if 
they have low d c resistance Since the a e component under consider¬ 
ation here is an r f component. Much chokes art* r-f chokes and have no 
core. In well dewitrned receivers these r-f chokes are also shielded. 

A number of tubes have lieen developed that are especially adaptable 
for r-f amplifier service. Such tubes as the types 58, <il)fi. liK7, GU70, 
and OSK7 are examples. Significant among the electrical features of 
these tidies are the extended mutual-conductance operating range and 
the ability to handle signal voltages without cross modulation and 
modulation distortion effects, la addition, the metal types of tube, 
such as the GK7, are efficiently shielded Figure 159 illustrates a typical 
modern pentode-tuned r-f amplifier. 

The method of obtaining the proper bias voltage to apply to the grid 
of an r f amplifier tulie is of interest. In general, there are several methods 
of obtaining this bias, but the first, and simplest, is battery bias, as shown 
in Fig. 160(a). In tins method, bias is applied to the grid by connecting 
a battery of the proper voltage in the grid-cathode circuit so that the 
grid is always kept negative by the proper amount with respect to the 
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cathode. Because of limited life and other undesirable characteristics of 
batteries, the use of battery bias is comparatively limited. In modern 
practice, battery bias is confined 1o receivers that also require batteries 
for plate supply, such installations, for example, as marine (ship) receivers 
and many forms of portable receiving equipment. 

The most popular method of obtaining bias in receiver amplifier circuits 
is sell-bias, or, as it is commonly called, cathode bias, A resistor 
(j?*, Fig. 100[bJ) is inserted in series witli the cathode return circuit of 



( C) 

Kju. . 160 ('nimnonly iiietl Inns cue ml** (a) Butteiy bias, (h) Cathode or self biaa. 
(c) Back bias 

the amplifier lube fo be biased. Since the resistor is then in scries with 
the plate B supply circuit, it is apparent that the tube ]>1ato current 
flows through the resistor. A voltage drop will tlierefoiv exist across 
resistor R k . Because of the direction of current flow, the grounded end 
of the resistor (Fig. I60|l>|) w ill be negative ^itli respect to the upper, or 
cathode, end of the resistor. Inasmuch as the grid is also connected to 
ground through the input inductance, it follows that the grid will also 
be negative witli respect to the cathode. The exact value of cathode 
resistor to use for a given application is obtained from the formula 

n, = f". (35) 

where R k — value of cathode resistor in ohms; 

E a - desired bias voltage in volts; 

Ip - plate current of the tube in amperes. 
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[t should be remembered,' in the case of a tetrode or pentode amplifier 
tube, that the screen grid also draws current. The screen-grid current 
also hows through the cathode resistor. The total current flowing through 
this resistance for such tubes is, therefore, the sum of the plate and 
screen-grid currents. Formula (35) can then be altered for amplifiers 
utilizing screen grid tubes as follows: 


where Rj, - value of cathode resistor in ohms; 
E v -- desired grid bias in volts; 

I it - - plate current in amperes; 

I 8t screen grid current in amperes. 


(36) 


Another widely used method of obtaining bias in multistage amplifiers 
is the so-called back-bias method. The principle of back bios is identical 
with that of self-bias, except that a single resistor is inserted in the 
common cathode return lead of all tubes. This is shown in Fig. 160(c). 
The value of the back-bias resistor is obtained in the same manner as 
that of a self-bias resistor, except that the plate and screen-grid currents 
of dll tubes being biased must be added to obtain the total current 
flowing through the resistor. Hack-bias and bell-bias methods have the 
advantage that variations of plate current are to some extent compen¬ 
sated by automatic adjustment to the bias. 

The back-bias circuit shown in Fig. 160(c) is applicable when all the 
tubes are to receive the same bias voltage. Variations of this method are 
employed when it is nec essary to supply different values of bias to the 
tube under control. One arrangement makes use of a tap]>cd bias resistor. 
The proportion of the voltage drop across the back-bias resistor applied 
as bias will then (le]>end upon the proportion of resistance included 
between the grid side of the resistor and the desired tap. 

In order to prevent rapid changes in plate current from producing 
counteracting voltages in the grid-cathode circuit, it is customary to 
shunt the cathode resistor with a capacitor. The value of this capacitance 
for r-f amplifiers is so chosen that a sufficiently low value of reactance is 
offered at the lowest radio frequency within the limits of the amplifier. 
The r-f signal voltage is therefore offered a low'dnipedancc path to the 
grid-cathode circuit. The capacitor, of course, does not affect the d-e 
values of bias voltage. This action is called by-passing, and capacitors 
utilized for this purpose are known os cathode by-pass capacitors. Hy-pass 
capacitors serve a double purpose in back-bias circuits. With no by-pass 
capacitor in a back-bias circuit, Lhe r-f signal voltage would easily find 
its way back to the input circuit of a preceding stage through the common 
cathode lead. Distortion, regeneration, and possible oscillation are 
prevented by the use of by-pass capacitors in such circuits. 
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THE AF AMPLIFIER 

Audio frequency amplifiers may be divided into three general classifi¬ 
cations according to the method of interstage coupling utilized in each 
case. These classifications arc resistance-coupled amplifiers, impedance- 
coupled amplifiers, and transformer coupled amplifiers. Each method of 
amplification has its advantages and disadvantages. Each of the tliree 
classifications may be further subdivided into two classes, namely, 
voltage amplifiers and power amplifiers. 

The finaJ stage in all classes of receiver audio amplifiers is a power 
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amplifier. It is from this stage that jxnret is required to drive a loud 
speaker, headphones, or some other form of sound comcrsion device. 
It is essential, therefore, that a proper impedance match be established 
between the output impedance (plate imjiediince) ol* the power tube and 
the speaker or other sound conversion unit. It lias been shown (Chap. 
X) that maximum undistorted output is obtained from a power tube 
when the load resistance is made approximately twice the plate resistance 
of the tube. Tn all classes of u f amplification, resistance-, impedance-, 
and transformer-coupled, this onlput-iinpedance match is usually most 
efficiently accomplished by means of transformer coupling between the 
plate circuit of the output tube and the loudspeaker. Such an output 
coupling arrangement is shown in Fig. l(il(a). The proper impedance 
match between tube and speaker is established by applying the trans¬ 
former-impedance Tatio formula discussed in Chap. VII and selecting a 
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transformer of the proper turns ratio. Thus, if proper operation necessit¬ 
ates a load impedance of 10,000 ohms and it is desired to energize a 
speaker having a voice-coil impedance of 20 ohms, the transformer-turns 
ratio is found as follows: 



Z 

' -- (T.Jt.) 2 . 

1 

(37) 

where Z v -- 

T.R. 

primary rellected impedance; 
secondary impedance; 
turns ratio of the transformer. 


Substituting, 

10,000 

20 

r.oo = (T.R.) 2 . 

(38) 

Then 

T.R. 

V/500 - 22.3. 

(39) 


Consequently, a transformer having a primary-to-secondary turns 
ratio of approximately 22.11 must he employed for the above application. 

Power-out put stages of receivers are also often coupled to speakers by 
means of the choke-capacitor arrangement illustrated in Fig. lfil(b). 
This coupling consists of an iron-core a-f choke that is placed in series 
with the plate of the tube and the 13 supply. The inductance of this choke 
is usually kept at a value of not less Ilian 10 h, and offers a very low 
resistance to the d e component of the plate current. 

lly winding the choke coil with sufficiently heavy win 4 , the resistance 
of the coil can he kept so low that the d c voltage on the plate is com¬ 
paratively unaffected by its presence. At the same time, the choke 
offers a high value of opposition to the a-f component of the plate current 
owing to its high reactance at audio frequencies. A by-pass capacitor of 
2 to 4 /rf capacitance supplies a low impedance path to the speaker 
windings for the audio signal voltage. 

In all types of audio amplifiers, all the stages preceding the power 
stage are voltage amplifiers. The primary function of these stages is to 
amplify the a-f voltage delivered by the receiver detector circuit to a 
value sufficiently high to swing the grid of the power amplifier tube 
property. The voltage gain necessary to accomplish this swing can be 
I’cjircsented as the ratio of the grid bias of the power tube to the a-f 
voltage output of the detector. 

The Resistance-coupled Amplifier. It was shown in (Imp. X that in 
order to obtain maximum voltage output from a vacuum-tube amplifier, 
it is essential to make the resistance of the load as high as possible. One 
method of doing this is to place in the plate circuit of the amplifier a 
resistor having a very high value of resistance. The higher the value of 
this resistor, the higher the signal-voltage drop across the resistor because 
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of the plate current flowing through it. The voltage across this resistor 
is then impressed across the input circuit of the following tube by means 
of a coupling capacitor. The capacitanc*e of the coupling capacitor is 
made large enough to offer a low reactance to the a-f alternating voltage 
being amplified. At the same time, this capacitor prevents the high d-c 
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plate voltage of the preceding 
tube from reaching the grid of 
the second tube. A resistor is 
inserted between the grid and 
ground of the following tube to 
pennit d-c bias voltage to be 
applied to the grid of this tube. 
Since no direct current flow's 
through the grid circuit, the 
value of this resistor has no 
effect on the value of the bias 
voltage developed across the 
cathode resistor. The grid re¬ 
sistor, or grid leak, is given a 
very high resistance in order 
that the shunting effect of the 
grid leak and coupling capacitor 
upon the plate resistor may be 
small. The plate resistor in a 
resistance-coupled amplifier is 
customarily called the coupling 
resistor, sim*e it is the resistor 
common to both stages that 
couples the circuits. 

A diagram of a typical triode 
resistanco-mupled amplifier is 
shown in Fig 102(a) Such an 
amplifier is characterized by a 
frequency response thnl is fairly 
constant over a wide range of 
low and very high frequencies. 


The equivalent circuit for this amplifier is shown in Fig. 102(b), where 


ftE y voltage developed by tube: 

K p - plate resistance of tube; 

(\ - plate cathode interelectrode capacitance of tube; 
R ( - plate coupling resistor; 

(\ •= interstage coupling condenser; 

R g - - grid resistor of following stage; 
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Cq — grid-cathode interelectrodo capacitance of succeeding 
tube; 

E 0 — output voltage, or voltage developed across grid cathode 
of following tube. 

An inspection of this circuit will reveal that it can be redrawn in the 
form of rig. 1 02(c), which more readily lends itself to analysis. 

It is at once apparent that the arrangement is a more or less series- 
parallel arrangement. The input voltage is applied across points A and 
C, and the output voltage is taken from points I) and O'. In order to 
develop maximum output voltage for a given input voltage, certain steps 
arc necessary. First, in the series circuit ABC, maximum voltage must 
be developed across points BC . Since it is a series circuit, the impedance 
of BC must bo kept high in comparison with AB. Voltage developed 
across AB is lost to the output, since R j} represents the plate resistance 
of the lube. The circuit of BC is a parallel network. Its total, or resultant, 
impedance is therefore a function of the impedance of the branches. If 
any of these branch impedances is abnormally low, the impedance of the 
entire circuit BC will l>e low, and a resultant Joss of voltage will develop 
across it. Since the first branch consists of the interelectrode capacitance 
it is obvious that it is necessary to keep this capacitance as low as 
possible in order to maintain the capacitive reactance at a high value. 
The middle branch consists of the coupling resistor R t . The highest value 
it is possible to maintain in tliis resistor depends upon practical circuit 
considerations, such as the permissible rl-c voltage drop, and so on. The 
third branch of the parallel combination is in itself a scries parallel 
circuit. Since the outpul voltage is taken from only part of this circuit, 
it is essential that this part D(° l>e kept at a high value of im]icdanoe 
and that the reactance value of O r be kept verj small. If the capaciti\o 
reactance of <\ can be made small compared with the imj>edunce l)C\ 
the voltage developed across DC will become substantially equal to the 
voltage developed across the entire parallel network B(\ With the 
coupling capacitor reactance fixed at so low a value, the impedance of 
the third branch of the parallel circuit BC w'ill exist almost entirely in 
the network DC. Since l)( v is itself a parallel circuit, it is necessary 
that the impedance of both its branches be kept as high as possible, 
which is accomplished by keeping the value of grid resistor R g as high 
as is possible and consistent, with practical circuit considerations. The 
input interelectrode capacitance of the following tube C g must be kept 
as small as possible in order to develop the highest possible reactance 
across this leg of the circuit. 

For given tubes, the values C p and C 9 are fixed. The only variable 
circuit constants are. therefore, the plate-coupling resistor R e , the grid 
resistor R a , and the coupling capacitor 0 t . 
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The choice of coupling resistance is dependent upon two factors: the 
maximum possible voltage amplification and the permissible amount of 
distortion. Tf other things remained equal, the highest voltage amplifica¬ 
tion would he obtained by using the highest possible coupling resistance 
for a given power supply. Normally, Item ever, receivers have fixed plate- 
voltage supplies. Increasing the coupling resistance consequently 
decreases the plate current until a point is reached where distortion 
becomes serious. Beyond a certain point, very little increase in gain is 
obtained by increasing the coupling resistaucc. It is common practice to 
utilize in high-mu triode circuits coupling resistors that are approximately 
equal to the plate resistance. For triodcs having lover amplification 
factors, the coupling resistor is commonly two to four times the value 
of the plate resistance. In circuits utilizing pentode tubes, the variation 
in voltage amplification with coupling resistance is greater than for 
triodes because of the larger plate resistance. However, with a fixed 
plate-voltage supply, the permissible d-o voltage drop across the coupling 
resistor becomes important. If the plate voltage falls below the screen- 
grid voltage, loss of amplification and distortion due to secondary emission 
occur. The value of plate coupling resistance is therefore limited hj this 
factor. (Willing resistors in the order of 100,000 to 500,000 ohms are 
common values for pentodes. 

The value of permissible grid resistance is limited by the effects of 
ionization in the tube. Since the grid of a resistance-coupled amplifier 
tube is normally run negative, positive ions released from residual gas 
within the tube by bombardment of electrons are attracted to the grid. 
If the resistance of the grid circuit is high enough, this action becomes 
cumulative. The control grid is therefore in danger of suddenly becoming 
positive, resulting in excessive plate cm lent and possible destruction of 
the tube. The maximum allowable value of grid resistance depends upon 
the tube characteristics and the conditions under which the tube is 
operating. With self-bias larger values of grid resistance art* permissible 
than with fixed bias Values of 250.000 to 500.000 ohms are quite common 
for self-biased tubes. 

At high audio frequencies, the reactance of the inierelectrode capacil- 
ance (\and (\becomes quite low, thus effectively shunting their mqieetive 
parallel networks and causing a falling-off in the gain. At intermediate 
frequencies, these reactances are quite high, and the resultant gain is 
higher. At low frequencies, the reactance of the coupling capacitance 
C f becomes high, and the gain again falls off. Figure Hi.‘I is a typical 
frequency response curve for a resistance-coupled amplifier. 

The Impedance-Coupled Amplifier. An impedance-coupled amplifier 
is actually a resistance-coupled amplifier in which the coupling resistor 
has been replaced by an imjiedance, usually a high-impedance choke coil. 
A typical triode imjiedaneo-cnupled amplifier circuit is shown in Fig. 104. 
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The main advantage of impedance-coupled amplifiers over resistance- 
coupled amplifiers is the negligible d-o voltage drop across the coupling 
impedance. In the impedance-coupled amplifier, tnis d o voltage drop 
depends solely upon the d-o resistance ot the choke coil, which can be 
brought to a negligible value by the use of fairly large wire. Impedance 
coupling is not very widely used owing to its greater cost. 
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Impedance coupling is cliai acteri/,ed by high and relatively constant 
amplitication in the middle range of frequencies At low frequencies, the 
inductive reactance of the choke liecnmcs Mimllcr with a subsequent 
falling-off in amplification Vt high frequencies the amplification falls 
off Ix>cuunc of the shunting eflect of the tube capacities as in resistance- 
coupled ampliiicis. 

The so-called double impedance <oupled amplifier is one that makes 



Kil. J 04 . (cmpliMl umpli lb'* Dmihln coupLed 

Imr rill mt hiii| till mm cirrmt 


use of choke coils in both the plate circuit and the grid circuit, as shown 
in Fig. 105. The decrease in amplification at low frequencies can Is? 
offset in such an amplifier by choosing the values of (* f and L g so that 
these two components form a series resonant circuit at the 1-f limit of the 
amplifier. The rise in current through L v as resonance is approached, 
therefore, partly neutralizes the decrease in voltage that would normally 
result from the deci’cawod reactance of L n at low frequencies. This type 
of coupling is relatively impractical from the economical standpoint. 

The Transformer-Coupled Amplifier. In Hie transformer-coupled 
amplifier, the primary winding of a transformer is connected in series 
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with the plate circuit of the amplifier tube, and the secondary winding is 
connected in series with the grid circuit of the succeeding tube. The load 
impedance of the first tube is therefore composed of the reactance of the 
primary winding and the reflected impedance of the secondary load. 
Transformer-coupled audio amplifiers are characterized by a gradual 
falling off in gain at low frequencies, relatively constant amplification in 
the middle range of frequencies, and a sharp falling off in gain at high 
frequencies. The drop in amplification at low frequencies is due to the 
low reactance of the primary winding of the transformer at low fre¬ 
quencies. The more pronounced loss at high frequencies is a result of 
the leakage inductance and the shunting effect of the distributed capacit¬ 
ance of the transformer and the reflected impedance of the secondary 
load, including the input capacitance of the succeeding stage. 

Throughout the middle range of frequencies, the effects of capacitive 
reactance due to distributed capacitance and input capacitance of the 
following tube and the inductive reactance of the primary tend to 
neutralize eacli other. As the frequency is increased, the inductive 
reactance increase* and the capacitive reactance* decrease*. Conversely, 
as the frequency is decreased, the inductive reactance decreases and the 
capacitive reactance increase *; that is inductive reactance and capacitive 
reactance vary inversely with each other foi any change in frequency. 
By far the largest portion of reactance, botli inductive and capacitive, 
is in the transformer itself. Consequently, the frequency limits of a 
transformer-coupled amplilier aie dependent to a large extent upon the 
transformer design. Modern well-designed audio transformers readily 
cover the voice frequency range witli comparatively little variation in 
amplification. Where a very wide range of frequencies is to be transmitted, 
however, resistance coupling is preferable. 

One of the main advantages of transformer coupling is the additional 
gain obtainable by increasing the turns ratio. Losses attendant upon 
increased turns ratio, however, sometimes counterbalance the advantages 
so obtained. Increasing the turns ratio limits the permissible amount of 
inductance in the primary. In addition, the shunting effect of input 
capacitance becomes more pronounced as the result of the greater 
impedance ratio. Increasing the turns ratio of a transformer, therefore, 
decreases the usable portion of its frequency response curve. A typical 
frequency response curve for a transformer-coupled amplifier is shown in 
Rg. l«t*(b). 

On the whole, transformer coupled amplifiers have been largely super¬ 
seded by resistance-coupled amplifiers. The latter are much more 
economical, and with the higli-mu tubes now available, satisfactory gain 
per stage is easily obtained without the use of step-up transformers. 
Transformer coupling, however, is to be preferred for certain applications, 
such as push-pull amplifiers (see page 29 S). Modem receivers invariably 
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utilize transformer coupling between output stage and loudspeaker. 
Figure 166(a) illustrates a typical transformer-coupled amplifier circuit. 

THE TUNED R-F RECEIVER 

A tuned r-f receiver is composed of three sections, namely an r-f 
amplifier, a detector, and an audio amplifier. The minute signal voltage 
developed in the receiving antenna system is amplified by successive 
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stages of r-f voltage amplifiers. This amplified voltage is then impressed 
across the input circuit of the detector stage. The a f component of the 
detector output is impressed across the input circuit of the a-f amplifier. 
This amplifier may also consist of several stages, the last of which is a 
power amplifier. The a-f voltage impressed across the first a-f amplifier 
stage is amplified until it is large enough to swing the grid of the power- 
amplifier tube efficiently. The power-amplifier tube is, in turn, coupled 
to a sound conversion device such as a loudspeaker. This latter unit 
converts the a-f power m the form of electric energy into power in the 
form of sound weaves. 

Tt is standard practice to begin the dosign of such a receiver with the 
output and work backward to the input stage. To fulfill certain functions 
in a specific* application, a receiver must meet certain requirements. 
These requirements are referred to in terms of power output, sensitivity, 
selectivity, and fidelity. 
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The power-output rating of a receiver is the maximum midistorted 
power output that the receiver c*an handle. Since all vacuum-tube 
circuits produce Rome distortion, the term tl undistorted power output” 
must bo qualified. Undistorted output has been standardized by the 
radio-engineering profession to mean an output that does not contain 
onougli distortion to become objectionable to the human ear. This 
limiting amount of distortion has been standardized by the Institute of 
Badio Engineers as 10 per cent. Thus, the maximum undistorted power 
output of a receiver is defined as the maximum power output that can Ik* 
obtained from a receiver when the output voltage does not contain more 
than 10 per cent of harmonic distortion This critical output level is 
often called the overload level of a receiver. 

The sensitivity of a receiver is a measure of its ability to receive weak 
signals. The greater the sensitivity, the weaker the signals that will be 
received. Sensitivity is measured quantitatively in terms of the input- 
signal voltage required to produce a certain output The conditions under 
which sensitivity is measured have been standardized by the profession. 
All receiver sensitivities are calibrated for standard test outputs. Standard 
test output is 0.05 w of a-f power in a iioninduethe resistor connected 
across the output terminals of the receiver. The resistance used should 
have whatever value is necessary to obtain maximum undisturted power 
output foi the type of output tube under consideration. 

The selectivity of a Teceiver is a characteristic not easily measured. It 
is usually expressed m one or more giaphs depicting the frequency 
response at a response test frequency and the response at frequencies 
higher and lower than resonance. Selectivity is usually measured under 
the same conditions as sensitivity , that is. the receiver output is main¬ 
tained at test level (0 05 w). The input signal frequency (supplied by a 
laboratory signal generator) is then varied from a point 100 ke below 
resonance, through the resonant frequency, to a point JOOkc above 
resonance. The frequency' changes are made in steps of JOke or less. 
After each change the input voltage is increased (or decreased) until the 
power output is 0.05 w. The various signal voltages necessary to achieve 
this result throughout the test spectrum arc then plotted in a graph. 
The resulting curve is a fairly accurate representation of the selectivity 
of the receiver. Often such a frequency response curve is made by 
plotting decibels against frequency, since decibels arc units more indic¬ 
ative of the usability of the receiver. The use of decibels is discussed in 
detail on page 'M)2. 

The fidelity of a receiver is a measure of the degree to which it 
accurately reproduces in its output the signal that is impressed upon 
it. Fidelity is measured by applying a 110 per cent modulated signal 
to the receiver by means of a signal generator The modulation fre¬ 
quency is varied from 40 to 10,000 c in convenient steps. Output 
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readings are taken at each* step and plotted against modulating audio 
frequencies. 

A typical tuned r-f receiver circuit is illustrated in Pig. 167. Maximum 
selectivity is derived from such a circuit by tuning each of the r-f amplifier 
stages in addition to the detector stage, from which the receiver obtains 
itH name. 

In the early days of radio, the tuned r-f receiver was very widely used. 
One of the chief disadvantages of this receiver was the necessity of 
employing neutralizing circuits to prevent self-oscillation in the r-f 
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amplifier. The introduction of the screen grid tube did away with this 
difficulty and at the same time permitted greater amplification to be 
obtained in the r-f stages. The pentode tube also ]>ennitted further 
improvement in this direction. 

As soon as certain patent litigation involving the sui>erheterodyne 
circuit was eliminated, manufacturers decreased their outputs of tuned 
r-f receivers in favor of the superheterodyne. Because of the superior 
sensitivity and selectivity of the superheterodyne receiving circuit, the 
use of the tuned r-f receivers is comparatively limited today. 

Early tuned r-f receivers utilized individual tuning condensers for 
each r-f stage and the detector. Proper operation of the receiver involved 
tuning individually each stage to resonance, a system that necessitated 
manipulation of numerous controls each time the receiver was tuned to 
a different station. This situation was improved by later designs utilizing 
gang control of the tuning capacitors, Modern receivers utilize ganged 
capacitors in a single unit having the rotors of each capacitor section 
mounted upon a common shaft. 
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In order that a tuned r-f receiver utilizing ganged capacitors may 
function at peak efficiency, all the tuned circuits must track, that is, all 
the tuned circuits must resonate at the same frequency for any given 
setting of the dial. Standard practice is to use identical transformers 
and capacitors in such receivers for this reason. Nevertheless, owing to 
minor circuit differences in wiring, shielding, and so on, it is usually 
necessary to provide a supplementary means of bringing the tuned 
circuits into alignment. This is accomplished by the insertion of a small 
semifixed capacitor, called a trimmer, in parallel with each main tuning 
condenser. Minor discrepancies in the resonant frequencies of the various 
circuits are then comjiensated for by variation of the trimmer capacitance. 
Since the trimmer is shunted across the main resonant circuit, any 
variation of it will vary the resonant frequency of this circuit. Trimmers 
may be mica- or air-insulated, but are more often the former. They are 
customarily manufactured so that adjustment of their capacity is 
accomplished by means of a special tool, usually an insulated screw 
driver and, once adjusted, will remain fixed at this value of capacitance. 

THE SUPERHETERODYNE RECEIVER 

Principle of Operation. The popular superheterodyne receiving circuit 
depends for its ojieration upon the phenomenon of heterodyning that was 
discussed in Chap. \I In general, the system operates as follows: The 
incoming radio signal is heterodyned with a local oscillator in the receiver 
whose frequency differs slightly from the signal frequency. Both these 
signals are fed into a common stage, variously called the converter, 
mixer, or first detector stage The output circuit of this stage and the 
tuned circuits of the succeeding r-f stages are tuned to resonate at the 
beat frequency In order not to confuse the r-f stages pieceding the 
mixer stage with those following it, the latter are called intermediate- 
frequency (or i-f) stages. The 1 f amplifier feeds into a conventional 
detector circuit followed by an audio amplifier. 

One of the chief merits of tins system is the high degree of selectivity 
obtainable. Much better discrimination against unwanted interfering 
signals is possible than with any other receiving circuit. For example, 
assume a desired sigual of 1)00 ke is to be revived in the presence of 
interference from a 010 kc signal. The two signals differ in frequency by 
approximately 1 j»er cent. If the local receiver oscillator is adjusted to 
950 kc, the boat, or intermediate frequency, produced with the desired 
900-kc signal is 50 kc. The undesired interfering signal of 910 kc will 
produce a heat frequency of -40 kc with the local oscillator. The two 
original signals, which differed m frequency by only 1 per cent, have been 
converted to 50-kc and 40 kc signals, which differ in frequency by 20 per 
cent. When both of the latter signals arc impressed on the i-f amplifier 
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(which i b tuned to 50 kc), the 40-ke signal is easily rejected. When the 
intermediate amplifier consists of more than one stage, the superhetero¬ 
dyne receiver becomes extremely selective. 

In actual commercial receivers, intermediate frequencies as low a$ 
50 kc are seldom encountered, because of other circuit complications 
which are discussed later in tins section. 

The tuning condenser in the tank circuit of the local oscillator in a 
superheterodyne receiver is gauged to the tuning condenser of the mixer 
input circuit. The constants of each circuit are so selected that the 
oscillator frequency differs from the input circuit frequency by a fixed 
amount, regardless of the frequency to which the receiver is tuned. 
Efficient su|>crheterodyne circuits also customarily utilize one or two 
r-f stages ahead of the mixer stage. These are also ganged to the mixer 
input and oscillator stages. The r-f and mixer input circuits, of course, 
tune to the same frequency. By virtue of the fact that this arrangement 
fixes the beat frequency produced, regardless of the frequency of the 
incoming signal, it is possible to construct the intermediate amplifier 
circuits to tune to a fixed frequency. This type of construction permits 
the use of tuned circuits in the amplifier having exceedingly high circuit 
Q with all the attendant advantages. As a result, it is possible to obtain 
as much umplilication with a single stage of i f amplification as with three 
or four stages of variable tuned amplifiers. 

Jn a variable-1 lined amplifier, such as used in the r f sections of tuned 
r f receivers, the tuned circuit Q is continually varied as the circuit is 
tuned. Consequently, it is possible to obtain maximum Q at only one 
frequency within the range of the circuit. At all other frequencies to 
which the circuit will tune, there will be lesser values of Q. In other wwds, 
both the selectivity and the amplification vary ut different parts of the 
band to which such circuits tune This difficulty is largely corrected in 
the sii|>erlietcrody rie receiver, since the i f amplification takes place with 
constant amplification and with the same degree of selectivity, because 
the circuit Q is always fixed. The over all characteristic of the receiver 
is limited in this respect by the variable timed stages in the r-f amplifier 
and the mixer circuit. Nevertheless, since by far the greater part of the 
selectivity and amplification is obtained in the i f amplifier, the over-all 
characteristic of the sujierhetcrodyiu* is far superior to the tuned r-f 
receiver. 

The design of circuits that provide fairly constant tracking of oscillator 
and input stages sometimes presents a problem in superheterodynes, 
especially on the higher frequencies when* oscillator stability is not good. 
Proper tracking Is sometimes accomplished by having the rotor plates of 
the oscillator tuning capacitor displaced in rotation on the shaft with 
respect to the rotor of the r f capacitors. A variation of this idea is to 
have the oseillator capacitor rotor smaller in size than the r-f capacitor 
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rotors. Such systems are fairly effective on the lower freiiuencies hut 
present difficulties on the high frequencies. An improved plan utilizes a 
ooil having slightly lower inductance fin the oscillator. In such circuits 
the final adjustment is accomplished by small shunt and series capacitors 
(called trimmers and padders respectively) connected to the parallel 
resonant circuits. By meticulous adjustment of trimmers and padders it 
is possible to make such circuits (litter In the exact required intermediate 
frequency on at least three points nf the dial. The thicluation over the 
remaining intervening sections of the frequency range is comparatively 
small and can usually he neglected. A commercial Hxecl frequency 
superheterodyne receher is shown in Fig. Ills. 

Problems Peculiar to the Superheterodyne. One of Hie chief troubles 
to which the superheterodyne receiver is subject is image frequency 
response, a result or the fact that at any dial settiim then* arc two possible 
signal frequencies that will produce the necessary intermediate frequency 
Thus, if a given receiver utilizes an intermediate frequency of 200 ke. 
the local oscillator will he tuned to 1.200 kc when receiving a desired 
1,000-kc signal. If the circuits preceding the mixer stage are insufficiently 
selective, a powerful local station operating on 1,400 kc can also supply 
sufficient signal to the mixer circuit grid to produce another 200 kc heat 
frequency. This signal would receive the same amplification in the i-f 
amplifier that the desired signal receives, with resulting severe interfer 
ence. The only remedy for image frequency response is to pivvent the 
undesired signal from reaching the mixer tube. There 1 arc two ways of 
accomplishing this. The lirst is to use sufficient r f amplification ahead of 
the mixer so that the circuit is selecti\e enough to reject the undesired 
signal. The second way is to use an intermediate frequency high enough 
to remove the image response frequency a considerable 4 amount from the 
resonant frequency of the input circuit. If this reparation is great enough, 
a comparatively small amount of selectivity in the input circuits will 
Huffier to reject the unwanted signal. 

Ill considering the latter remedy, a happy medium must he attained 
ill choosing the propel intermediate frequency. The frequency must he 
high enough to provide sufficient image-frequency rejection and at the 
same time low enough to provide good i f selectivity, as discussed on 
page 292. 

Another method of suppressing image frequencies is by the use of 
series or parallel rejector circuits (wave traps) appropriately connected 
to the input circuit of the first r f stage. Such circuits, ed course, must be 
variable-tuned, must he ganged to r-f and oscillator circuits, and must 
be preqx'rly adjusted to track with r-f circuits in order to maintain a 
fixed frequency difference 1 . Several manufacturers have marketed special 
e'ircuifcs to attain this end. 

Another type of interference often experienced in superheterodynes is 
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that due to harmonies generated bv the loeal oHcillatnr. Thus, if the 
oscillator produces a strong second harmonic, this harmonic may beat 
with an undesired signal frequency considerably higher than the desired 
signal frequency to produce a heterodyne equal to the intermediate 
trequcncy. One reined} for this condition is the same as for image 
frequency response, namely, to increase the preselection before the 
mixer circuit The hest remedy, obviously, is to eliminate the harmonics 
from the local oscillator output. This can sometimes he accomplished by 
decreasing the oscillator plate voltage thereby decreasing the oscillator 
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i>ut put on all frequencies Since the h.mnomcs an* alwavs a comparatively 
small pei(‘outage of the amplitude ol the fundamental, this usually 
brings the harmonic output down to a negligible \alue. The necessary 
fundamental oscillator output is small anyway, and there is no need to 
exact au\ nppieciuhlc amount of power from this oscillator Another 
scheme is to insert a fairly lame resistance in the oscillator plate circuit. 
This resistance will tend to straighten the oscillator tube characteristic 
curve with a resultant decrease in harmonic content. 

Another fault sometimes encountered with superheteind}nes having 
insufficient preselection is double-spot tuning, which consists of receiving 
the same station at two different places on the dial. Double spol reception 
occurs when the local oscillator is tuned intermediate frequency above 
or below the frequency of a given station. Tims, if a receiver having au 
intermediate frequency of 200 kc is tuned to receive a 1,000 kc station, 
the local oscillator will be tuned to 1,200 kc, producing a 200-kc beat 
frequency. When the receiver is tuned to 000 kc Ihe oscillator will lie 
tuned to S00 kc. If the input circuit is insufficiently selective, the 1,000-ke 
signal will get through to the mixer input circuit to beat with the KOO-kc 
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oscillator and again produce a 20U-kc boat frequency. Consequently, 
the same station will be heard at two places on the dial, that is, at 1.000 kc 
and at (500 kc. All the remedies that apply to image-frequency suppression 
apply equally well to suppression of double-spot tuning. 

The functions of mixer and local oscillator are often combined in a 
single tube. A number of multigrid vacuum tubes, such as the 2A7, 
0SA7, 6A8, (iKK, and (5L7, have been esiiecially developed for this purpose. 
In such circuits, two of the grids act as plate and grid of a triode oscillator 
in conjunction with the common cathode. The remaining grids and the 
plate perform the function of mixer tube. The voltage developed by the 
oscillator acts to modulate the electron stream flowing to the mixer 
section of the tube. This system has many of the advantages of the 
electron-coupled oscillator discussed in Chap. XI. 

GENERAL RECEIVER (CONSIDERATIONS 

Volume-control Methods. In the early days of battery radio re m vers, 
the generally accepted method of controlling volume was by varying the 
tilainenl emission of the tubes. With the advent of indirect-heater type 
of tube and improved circuit design, this system was no longer possible 
owing to the lag in cathode emission with a change in heater current. 
This system had the additional disadvantage of varying the effective 
operating point of a tube along its characteristic curve. For a time 
thereafter, the approved method was varying audio amplifier gain or 
shunting the loudspeaker. It also became standard practice for a period 
to control volume by varying the gain of the r f and i-f circuits. Some 
manufacturers control volume by shunting the antenna input circuit, 
others make use of various combinations of two and sometimes three of 
the above methods. 

A number of typical modern volume-control circuits are shown in 
Fig. 169, Figure HSUfa) illustrates an antenna shunt type of volume 
control. This consists of a potentiometer which is effectively shunted 
across the input of the receiver. The lived contacts are connected to 
antenna and ground respectively. The primary of the input r f trans¬ 
former is connected to ground and to the moving contact of the putentio 
meter. When the control is at maximum position, the total resistance of 
the potentiometer is in shunt with both the antenna circuit and the 
primary coil. Current due to a signal voltage on the antenna flows to 
ground through the potentiometer resistance, causing a voltage drop 
across it. The position of the movable contact determines the portion of 
this voltage that is impressed across the r-f transformer primary. The 
total resistance of the control must he of such a value that at full-volume 
position very little current flows through the potentiometer branch of 
the parallel circuit. In practice, the control is usually made four oi five 
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times the value of the primary impedance. Higher values are not practical 
because of the shunting action of the antenna impedance. 

Figure 1 (19(b) illustrates a method of controlling volume by varying 
r f bias. Increasing the bias of a tube lowers the mutual conductance 
and decreases the gain of the stage. Several stages of amplification may 
be controlled with a single potentiometer utilizing this method. Bias 
control cannot be obtained with tubes having a sharp cutoff. 

A combination antenna and bias control system is shown in Fig. 
199(c). Two distinct actions are 'ombined in this circuit. One is the 
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control of volume by increasing the bias on the controlled tubes, the 
other is the shorting out ot the input signal at the antenna. Often duo 
potentiometers are utilized for this double 1 function. Such potentiometers 
are really two separate units mounted on a common shaft. This combin¬ 
ation circuit is used where the straight antenna shunt type of circuit 
would not give full attenuation of powerful signals. 

Figure 169(d) is an illustration of a commonly list'd screen voltage 
control. In most respects, the action in this arrangement is similar to 
that obtained with bias control. Varying the screen voltage varies the 
mutual conductance and hence the gain. 

In Fig. 169(e) is shown the r-f shunt method of control. The full 
resistance of the potentiometer in this case is shunted across the secondary 
of a tuned r-f transformer. Since the grid of the tube is connected to the 
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movable arm of the control, any a a rial ion of this arm varies the amount 
of r-f voltage impressed on the grid of the tube. 

As in other .shunt type circuits, the resistance of the potentiometer 
should not lie of a value low enough to present too great a load to the 
r-f voltage developed in the transformer secondary. The lowest permis¬ 
sible value is approximately 100.00(1 ohms. Values of 250,000 anil 
500,000 olims are quite common for this type circuit. 

Figure 160(f) shows another form of shunt control used in audio¬ 
amplifier circuits This circuit is for a resistance coupled amplifier. The 
potentiometer is actually part of 1 lie plate load of the preceding tube, 
as discussed in an earlier part of this ehaptei. The resistance of the 
control is therefore determined In the required plate load of the preceding 

tube in conjunction with the 
plate resistor of this tube and 
the coupling condenser. 

This shunt type of \olume 
«ontiol is also user! frequently 
in transformer coupled audio 
cut nits. The circuit resembles 
that of Fig 100(e) Tlic re¬ 
sistance ill'the contiol is deter¬ 
mined primarily by the plate 
load ol the preceding tube. 
The impedance ratio of the Iransformci must therefore he considered in 
calculating the potentiometer resistance 

Push-pull Amplifiers. An advantageous system of audio power 
umplilieutiou often used h»i the power output stage of both tuned r-f 
and superheterodyne recei\ers is the push pull amplifier A diagram of 
the fundamental push pull circuit is shown in Fig 170 By means of 
the center tap on the second,uy of the input transfoimer, the grids of 
the two tubes are excited with equal voltage |80 r out of phase. The 
outputs of the Iwo tubes are combined by meiuiN of the center-tapped 
output transformer 

The tubes used in flush pull amphficis aie customarily operated either 
elass B, class A, or class AB. When updating class B, each tube is 
operated with a negative bins such that the plate current is reduced to 
approximately zero when no signal voltage is applied and plate current 
flows only during positive half cycles of the signal voltage (see Chap. X). 
It is apparent, therefore, that only one tube operates at a time. Since 
the grids are excited 180 out ot phase, the first tube will operate during 
the first alternation of the cycle, the second tube during the second 
alternation of the cy cle, and so on. Because of the center-tapped output 
transformer arrangement, the outputs of the tubes are added to each 
other in the proper phase relation. The signal in the secondary of the 
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output transformer is therefore a complete e\cle of the amplified input 
signal. 

Even with the high negative hias necessary to operate the tube at zero 
signal cutoff, the grid sometimes goes positive at the jieaks of strong 
input signals. When this happens, the grid draws current. The preceding 
amplifier stage must therefore be designed to deliver a certain amount of 
power to make up the grid circuit losses in the push-pull stage. Such a 
preceding stage is called a driver stage and usually consists of a single- 
tube power amplifier operating class A. 

Vacuum tubes have been designed especially for push-pull amplifier 
service. Suc h tubes permit cutoff to bo obtained w ith zero bias. Thus, the 
tube draw's grid current throughout the entire positive alternation of the 
input cycle, necessitating the use of a driver stage of considerable output. 

The class B push-pull svstein offers considerable advantage when the 
input signal voltage is large. On weak signals, appreciable distortion 
occurs because 1 of the curvature of the tube’s characteristic curve. 

In the class A push pull system, both tubes operate throughout the 
entire input c\cle. Since the tube grids are never allowed to go positive, 
no cuiTonl is drawn (power consumed) in the grid eireuit, and, con¬ 
sequently, a driver stage is not needed. Furthermore, sinee the direct 
enrrents in the two halves of the output transformer primary windings 
magnetize the eon 1 in opposite directions, then' is no d c saturation in this 
eon 1 . This condition permits the use of smaller output transformers in 
class A push-pull systems than m single-tube amplifiers. The class A 
push-pull amplifier, however, has a tendency lo overload easily when the 
signal strength is large 

The class AB push pull amplifier combines the advantages of the class 
A ami class B t\pcs, In a class AB (sometimes called class A') amplifier, 
Ihe tubes operate class A for weak signals and class B when the input 
signal voltage is large. Although this system also requires a preceding 
driver stage, the power required from the driver is not so great as for 
class B operation. In general, all the considerations applying to a class 
B push pull amplifier apply also to a class AB push-pull system, although 
not to as great au extent. The input and output transformers need not 
be as large as those used for class B. but must conform more closely to 
class B requirements than to class A. 

The advantages of push pull amplification compared with single-tube 
amplification arc 1 manifold. In the class A and class AB types, there Is 
little or no current of signal frequency flowing through the plate-supply 
source. This eliminates the* need for by-passing and additional filter 
circuits in this stage and obviates the necessity for cathode biasing 
resistor b} -pass condensers. Even when there is a plate irnjiedanee 
common to this and other stages in the audio amplifier, there is no 
regeneration. 
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In addition, there is less distortion for the same power output per tube 
in a push-pull amplifier than in an equivalent type of single-tube 
amplifier. This is due to the cancellation of all even-order harmonics in 
the output circuit. Since by far the greatest amount of distortion in an 
amplifier is caused by the presence of second harmonies, excellent ini 
provements may lie obtained using push ]mil amplifiers. 

Alternating current hum components present in the source of plate 
power in conventional amplifiers usiialh appear in the output unless the 
plate-supply source is exceptionally well filtered. In push pull amplifiers, 
the hum currents flowing in the two halves of the output-transformer 



primary balance each other out, thus reducing the amount of plate- 
supply filtering necessary 

Push pull output stages ian also be utilized in resistance coupled 
amplifiers. Such circuits require the use of an additional tube but eliinin 
ate the input transformer. A topical fundamental circuit is shown in 
Fig. 171. A preamplifier tube supplies excitation to one of the push pull 
tubes b> resistance coupling in the usual maimer. A portion of the output 
voltage developed in the plate resistor of this preamplifier tube is fed to 
the input ciicuit of the additional tube, which is called the phase-inverter 
tube. The output of the phase inverter supplies excitation to the remaining 
push pull tube through a resistance coupling network. Since flic output 
of any amplifier tube is ISO out of phase with its input, the excitation 
voltages applied to the grids of the push pull tubes are also 18U C out of 
phase, ('are must be exercized in adjusting the tap on the plate resistor 
of the preamplifier tube in order that the voltages supplied to the push- 
pull grids are equal in amplitude 

Feedback Amplifiers. An ideal amplifier is one that produces ail output 
that exactly duplicates the input in all respects, except, of course, 
amplitude. Unfortunately, such performance is impossible of attainment 
in practical amplifiers. The ordinary amplifier circuit, regardless of the 
tyj*e, is productive of considerable distortion of the wave form. 
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The types of distortion Encountered in a-f amplifiers are amplitude 
distortion (often called “nonlinear distortion’’), frequency distortion, and 
plum distortion . Amplitude distortion is the result of o]ieratmg n tube 
over a nonlinear portion of its characteristic. {Such oyieratiuii results in 
the production of frequencies in the amplifier output that arc not in the 
input. The most troublesome of these distortion frequencies are harmonies 
of the input frequencies (notably the second harmonic) and beat fre¬ 
quencies produced by heterodyning of the signal components. The 
elimination of amplitude distortion in an amplifier is a matter of proper 
circuit design. Anything that ensures operation of the tube only over 
the linear portion of its characteristic or reduces the curvature of the 

ft 


Amplifier input * E$ + E 
Amplifier output -E 0 *X(Es+E) 

Kir. 112 Tmorsr* fomllmi k amplilirr in Muck diauitim. 

tube characteristic will reduce amplitude distortion. This has been 
discussed in Uhap. X and will not be treated further here. 

Frequency distortion is caused by the unequal amplification of different 
frequencies of signal a ullage. The ellecls of frequency distortion arc 
more noticeable when the amplification per stage is increased. Usually, 
the higher signal frequencies are discriminated against and receive less 
amplification tlmu the lower frequencies but where high fidelity is 
important, it is generally necesaan to sacrifice some amplification. 

Phase distortion is caused by a disturbance of the phase relations 
botween different frequency components of the signal voltage as the 
signal is amplified. This disturbance is equivalent to a process in which 
different frequencies arc transmitted through the amplifier with different 
velocities. Consequently, all the frequencies do not arrive at the output 
at the same time. The subsequent relative phase 1 relations of the different 
frequency components of the output voltage arc different from those of 
the input voltage. Considerable phase distortion can be tolerated before 
the effect is noticeable to the human ear. For this reason, phase dis¬ 
tortion is not so important a factor as arc the other forms of distortion. 

When it is desired to achieve high fidelity in a radiotelephone receiver, 
it is sometimes efficacious to introduce regeneration deliberately in the 
amplifier in such a way as to reduce the amplifier gain. Such feedback 
amplifiers arc* commonly called inverse-feedback amplifiers. A block 
diagram of an inverse-feedback amplifier is shown in Fig. 172. A portion 
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E of the output voltage is introduced into the input in such a way that 
it subtracts from the original input voltage PJ,. Such amplifiers greatly 
reduce frequency and phase distortion. In addition, they act to stabilize 
the amplifier, making the amplification substantially independent of 
tube constants and electrode voltage variation. Since the regenerative 
voltage is fed back inremjt/, it arts to then aw the effective gain of the 
amplifier. Thus, when feedback is not present, frequencies that art* 
normally discriminated against in the amplifier appear at lower magni¬ 
tudes in the output than do lower frequencies. Therefore, the amplitude 
of the feedback voltage is Ic. s.s at these frequencies and, consequently, 
effects a wnall dtvrtatu in gain of the amplifier. The intermediate fre¬ 
quencies, which receive considerably greater original amplification, apj>ear 
at greater magnitudes in the output. Therefore, the amplitude of feed¬ 
back voltage at these intermediate frequencies is correspondingly grealer, 
effecting a result mil ymitn' (hams* in gain ui the amplifier. When 
properly designed and adjusted, in\erse feedback amplifier* can be 
operated to deliver substantially uniform amplification at all frequencies 
within the range of the nmplitiei. 

Tone Control. Theoretically, a receiver tuned to a broadcast station 
should lx* operated with an output such that tin* listener hcais the 
program with the same volume as he would hear it if he were seated in 
the hall where it is originating. Actually, however, it is usually not 
practical to operate a radio receiver at this output. Despite the fact that 
a high-grade high-fidelity receiver is being employed, which transmits 
all passages of a typical musical program with equal fidelity, the true 
fidelity of the reproduction will be lost upon the listener if the receiver 
is operated at low volume. Tins is due to a peculiar characteristic of the 
human car. The sensitivity of tin* human car is known to vary with llie 
rohttne of sound as well as with the frequency. It has long been known 
that tin* human ear does not have a linear frequency response character¬ 
istic. At the very low and very high frequencies, the sensitivity of the 
ear is much less than it is throughout the middle range of the a t spectrum. 
Ill addition, when the volume of a sound is decreased, the sensitivity of 
the ear to the l f notes decreases much more than does the sensitivity 
to the h-f and i f notes. As a result, when the volume of a receiver is 
turned down, the net result on the human ear is an effective decrease in 
1-f notes. If the receiver is turned down very low, the l-f notes seem to 
disappear altogether. 

In order to compensate for this failing, many broadcast receivers are 
equipped with some system of tone control. The receptivity of the human 
ear to high and low frequencies at different volumes appears to be a 
matter of relativity. Thus, it has been found that rlecreaning the amplitude 
of h-f tones has the same effect on the ear as itit waxing the l-f tones. In 
view' of this jnvuliar physiological reaction of the ear, most tone control 
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circuits employed in receivers function to decrease the h-f output. This 
is usually accomplished by some type of variable circuit shunted across 
the output portion of the audio amplifier. Such circuits utilize a capacit¬ 
ance for the major component. The value of this capacitance is such that 
the capacitive reactance is small at high frequencies, and the h-f notes 
tire therefore shunted out of the circuit. The reactance at low frequencies 
is relatively high, allowing these frequencies to be transmitted with 
negligible attenuation. 

A number of typical tone-control circuits are shown in Fig. 173. One 
of the simplest types is shown at (a). This consists simply of a capacitor 
in scries with a variable resistance shunted across the grid, or input, 
circuit of an audio-ampliiicr stage. When the resistance of the control 
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is zero, the higher frequencies of the signal ait* 1>>-passed and do not 
appear in the output. As the resist since of the control is increased, the 
impedance of the entire circuit is increased with resulting diminution in 
by-pass action. The same t\pe of potentiometers may be used for this 
service as is used in volume-control circuits. 

Figure 173(b) illustrates a plate circuit type of control. This type 
functions in exactly the same manner as the grid type of tone control 
previously discussed. The main difference between the plate and grid 
types of tone control is in the impedance of the circuit that is lieing 
shunted. Thus, in the grid type when used vith a high impedance input 
circuit, the control circuit is shunting a grid circuit having an impedance 
of 100,000 olmis or more. In the plate type of control, the circuit being’ 
shunted has an impedance varying from 2.(100 to 20,000 ohms. Conse¬ 
quently, in a grid circuit, a small capacitor and a large value of resistance 
must he used. In a plate circuit, a larger capacitor and a lower value of 
resistance are required to give the same amount of tone control. 

In Fig. 173(e) another type of tone control is shown, which consists 
simply in shunting uuy of a number of capacitors of different capacity 
across the plate circuit by means of a switching arrangement. 

Nome manufacturers combine the functions of volume control and tone 
control in one control. Such systems are commonly called acoustically 
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c om pensated volume controls. The circuit arrangement is such that 
as the volume of the receiver is decreased, the 1-f response is increased 
(h-f respou.se decreased). Nome systems utilize two potentiometers 
mounted on a common shaft .for tliis purpose, and the units are arranged 
so that, ns the resistance of one potentiometer is increased, the resistance 
of the other is decreased. Many manufacturers, however, utilize a single 
potentiometer for these combined functions. In this arrangement one 
side of the potentiometer and the variable tap are utilized for volume* 
control purposes; the other Hide of the control and the variable tap are 
utilized for the tone-control circuit. Thus, as the volume is decreased 
by moving the variable tap away from the volume side of the unit, 
therein increasing the resistance of the volume control, the resistance in 
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the tone-control side of the cneiiit is decreased thereby increasing the 
h-f by pass action. 

Automatic Volume Control. Automatic volume umtiol circuits (uhhrc 
viated ave) m a receiver act to control continuously and to adjust 
automatically the ,sensitivity ol the receiver. The signal input to the 
audio amplifier, therefore remains essentially constant within certain 
limits over a wide range o( received signal amplitudes. This is aceoni 
plished by biasing the grids of the r-t and 1 1 tubes with a negative voltage 
obtained by rectifying the signal carrier Any increase in signal in creases 
the negative bias and decreases the amplification of these stages. Any 
decrease in signal correspondingly decreases the negative bias, thereby 
increasing the amplification. 

Some systems of automatic volume control utilize a portion of the 
detector output for bias purposes, as in the circuit of Fig. 174(a). In 
some other systems, which utilize double diode detection, one diode 
section is used for detection wliile the other develops the avc bias voltage, 
as shown in Fig 174(b). There are* a great many different methods of 
obtaining automatic volume control in a receiver, but space limitations 
prevent the discussion of all the types here. 

One method of obtaining automatic volume control that is used in the 
better receivers utilizes a separate amplifier and a separate rectifier to 
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obtain improved avc action. Such systems are called flmplifipri 
volume control systems. 

One of the disadvantages of an avc system is the fact that it begins 
to operate as soon as any signal reaches the avc tul>e. A very weak 
signal, therefore, does not receive the full amplification that the receiver 
is capable of supplying. To overcome this limitation, some receivers 
incorporate circuits that prevent the avc circuit from functioning until 
the incoming signal exceeds a certain level. Such systems are termed 
delayed automatic volume control circuit... 

In general, delayed automatic volume control is accomplished by 
applying a small negative voltage to the plate of the avc rectifier, as 
shown in Fig. ITo. No current will then flow through the diode circuit 
until the incoming signal voltage exceeds 
the amount of this negative voltage, thus 
permitting the plate to become positive. 

Although a battery is utilized to supply 
the negative voltage in the diagram, it 
is customary to utilize a portion of the 
plate-supply bleeder circuit for this 
purpose. 

Efficient avc circuits greatly improve the performance of receivers. 
They eliminate the need for frequent manipulation of manual volume 
controls when tuning from comparatively weak to strong stations. Thus, 
a rererver with a good avc system can be tuned from one end of its 
frequency range to the other, and most of the stations will come in with 
substantially the same volume. The avc system is not a cure-all for 
insensitive receivers, however, for there will always be some signals that 
are so weak that they will not be amplified sufficiently to produce the 
desired volume. The desired volume level is determined by the setting 
of the manual volume control of the receiver. In sets having avc systems, 
(he manual volume control is usually located in the a f amplifier and does 
not form a part of the avc system. 

Interstation Noise Suppression. Since the normal action of an avc 
system is to tlvrrcaw the receiver sensitivity on strong signals and to 
tHcreastr the sensitivity on w^cak signals, the .sensitivity is at maximum 
when the receiver is limed off resonance, that is. between stations. Any 
static or man-made electrical disturbances are amplified by the full 
amplifying power of the receiver. This iiiterstation noise can become 
very troublesome and irritating when a sensitive receiver equipped with 
automatic volume control is ojxTated in a noisy’ location. 

A iiuml>er of systems have been developed to overcome this difficulty, 
which have been variously termed "silent tuning systems,” “automatic 
sensitivity circuits.' 5 “iiiterstation noise suppression circuits, 5 ’ and 
“quenched,” or “quiet automatic volume control circuits'' (qavc). In 
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general, noise -suppression circuits utilize a separate tube biased by the 
avc voltage. A high value of resistance is common to the plate circuit 
of this tube and usually to one of the audio-amplifier tubes. Between 
stations, when no signals are tuned in, there is no avc voltage developed 
and hence no bias applied to the silencer tube. Plate current flows through 
the tube causing a voltage drop across the resistor. This voltage drop 
reduces the plate voltage applied to the audio tube with a consequent 
reduction of its amplification. 

When a signal is tuned in, an avc voltage is developed which biases 
the suppressor tube to cutofl. No plate current for this tube, therefore, 
flows through the resistor and the receiver and avc circuit function in a 
normal manner. 

Noise Currents. Free electrons in u good conductor wander from one 
atom to another and, owing to their thermal energy, produce random 
and haphazard currents within the inlerior of the conductor, even though 
no voltage difference is applied to the conductor. Tills random movement 
of electrons results in no useful current, because as many electrons in any 
small region of the conductor mo\e in one direction as in the opposite 
direction during an increment of time 

At an> instant, however, a net movement of electrons 111 a) be in one 
direction, and at the next instant a net mo\oment may exist in the 
opposite direction, giving rise to an alternating current within the 
conductor. iSince this t>pe of movement is purely haphazard in its 
alternations, the resulting cuirent is known as noise current, or simply 
noise, because these effects are of utmost iinpoitunee in amplifying xerv 
weak signals such as those generated by miciophones and similar sourees. 
Noise currents impose a lower limit on the strength of a signal that can 
be amplified, because, if the desired signal is not suflicientfy greater in 
amplitude than the noise signal, the output of the amplifier will be 
unintelligible 

THE FREQUENCY-MODI'LATWX REVEl \ EH 

In order to understand frequency modulation receiver’s, it is necessary 
to have a clear conception of the nature ot a frequency-modulated carrier 
wave. In the conventional foi m of modulation (amplitude modulation), 
the earlier envelope is varied in amplitude in accordance with the wave 
form of the impressed modulating a f signal. In frequency modulation, 
the carrier is varied in frequency at a rate corresponding with the frequency 
of the impressed modulating audio frequency. The extent of this variation 
in carrier frequency dej>ends upon the amount of modulation it is desired 
to produce. 

Thus, if it is desired to transmit a fiOO-c a-f sound wave by frequency 
modulation of a 1,000-ke carrier wave, this may be accomplished as 
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follows: The 1,000-ke carrier is modulated by varying its frequency 
between 1,000,010 and 999,990 e 500 times per second. If it is desired to 
transmit a 700-c audio tone, this may be accomplished by varying the 
1,000-kc carrier between 1,000,010 and 999,990 c 700 times per second . 
It i8 seen, therefore, that the frequency of the audio signal obtained 
from a frequency-modulation receiver tuned to the above signal depends 
upon the rate at which the carrier varies in frequency between the limits 

Audiofrequency 
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mentioned above. The intensity of tlie icccived audio signal is a function 
of the band width mer which this frequency Viiriaticm occurs, Thus, in 
the above illustration, the hand width over which the variation in fre¬ 
quency occurs is only 20 c. If it were* desired to double the intensity of 
the transmitted signal, it would be necessary to vary the frequency at 
the same rate over twice the band width, or 40 c. Thus, to double the 
intensity when modulating the 1,000 kc carrier with the 500-c signal, it 
would be necessary to vary the carrier frequency betw T een 1,000,020 and 
999,9S0 e at the rate of 500 c per second. 

Figure 170 illustrates the graphical wave form of a frequency modulated 
signal as compared with an amplitude-modulated signal when both are 
modulated from the same source. II should be understood that the 
band wddtli figures mentioned in the above example are not representative 
but were used mereh to illustrate the point. Actually, good modulation 
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when using the system of frequency modulation requires the use of a 
160-ke band whore noise-free reception is desired. As a matter of fact, 
the extremely wide band required is responsible for the confinement of 
frequency-modulation transmission to the u-h-f portion of the radio 
spectrum. Such wide bands could not l>e tolerated on the already over¬ 
crowded present-day broadcast bands. 

Principle of Operation. The essential difference between frequency- 
modulation receivers and amplitude-modulation receivers, so far as the 
principle of o]>eration is concerned, lies in the method of delection. 
Detection, as was seen in an earlier part of this chapter, consists 
fundamentally of separating the a-f components of a received signal from 
the carrier frequency. In amplitude modulation receivers, detection can 

be thought as convciting 
variations in amplitude of 
the carrier to \aviations in 
amplitude of an a-f signal. 
1 il frequency modulation 
rt*cei\ers, detection can be 
thought of as converting 
variations in the frequency of 
the carrier to variations in 
amplitude of an a-f signal. 

In amplitude modulation 
detector systems, the frv 
queuey of the audio output 
depends upon the jtequenvy of the \aviations in carrier amplitude. 
The amplitude of the audio output in such systems, depends upon the 
amplitude of the carrier variations. In frequency modulation detector 
systems, th r Jerquency of the audio output depends upon the rate (varia 
tions per second) at which the carrier varies in frequency between the 
limits of the system. The amplitude of the audio output depends upon 
what these limits are, in other words, upon the band width. The wider 
the band, the greater the amplitude of the audio output from the detector. 

The detector in a frequency modulation receiver is usually called the 
discriminator, or discriminator detector. This distinguishes it from the 
conventional types of detection and is representative of the actual 
function of the circuit, that is, frequency discrimination. 

A typical discriminator circuit is shown in Fig. 177. The special i-f 
transformer has its secondary center tap|)cd w ith each half of the winding 
operating one diode of a double-diode tube. The primary of this trans¬ 
former is tuned to the exact intermediate frequency of the receiver. 
When a frequency-modulated signal is received, tlie variation in i-f 
frequency, of course, occurs in exact accordance with the variations in 
carrier frequency. One half of the i-f transformer secondary winding 
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is tuned to a frequency somewhat higher than the intermediate frequency. 
The otheT half of the secondary winding is tuned to a frequency lower 
than the intermediate frequency. The resistors and i? 2 across the 
cathodes represent the load on the respective diode sections of the tube. 

When the i-f signal does not vary in frequency (no modulation), the 
signal voltages developed across the diode load resistors will be equal 
and opposite in polarity. Since the voltage fed into the audio amplifier 
is taken between point P (Fig. 177) ami ground, zero voltage will be 
develo|>ed across the audio input circuit under these conditions. When 
the if signal is frequency modulated, each diode in turn will develop a 
greater voltage across its load resistor than the other. At any instant, 
the voltage developed across the audio-amplifier input circuit will be the 
algebraic sum of the oppositely polarized voltages developed across the 
individual load resistors. 

This action can he more clearly followed if the voltages developed by 
a typical signal are analyzed for a single cycle of audio modulation. 
Assume that with no modulation, the carrier develops 3U v across each 
diode load resistance. The total output audio voltage will therefore be 
zero, since the individual diode load voltages an* opposite in polarity. 
When the signal is modulated the carrier shifts alternately to higher and 
lower frequencies. When the carrier has increased in frequency, the 
voltage developed across the load resistor of the diode whose circuit is 
tuned tu a higher frequency mmi/ips\ possihl.v to 05 \. The voltage across 
the load icsistor of the diode whose circuit is tuned to a lower frequency 
tiemrtM't by a simil.u amount, thus falling to 35 The total voltage 
developed across the following stage of audio amplification is the algebraic 
sum ol the.se two voltages, or 30 v It follows that the amplitude of the 
,‘i-f voltage developed m the detector output circuit is a function of the 
extent of the variation in carrier frequency. This is the reason for the 
wide band width used in frequency modulation systems. The wider the 
frequency band used, the greater the amplitude of the audio output 
voltage developed by the discriminator circuit. The above voltages have 
been arbitrarily chosen for the purpose of illustration and are not intended 
to bo representative. 

On the opposite frequency shift of the mythical signal under discussion, 
the carrier decreases in frequency. The higher frequency diode circuit 
now develops only r 35 v across its load resistor, and the lower- frequency 
diode circuit develops r»5 v across its load resistor. The total, or net, 
output voltage developed is again 30 v, but this time is of opposite 
polarity'. The variation in frequency of the carrier has therefore caused 
an output voltage to be developed that changes in polarity', that is, an 
alternating voltage. Since the polarity' of the output voltage dejiends 
upon the direction of carrier-frequency change (whether increasing or 
decreasing), it follows that the/w/acariy of the audio signal thus developed 
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depends upon the rate at which the carrier frequency varies between its 
band-width limits. 

So far as fundamental principles are concerned, the essential difference 
between frequency modulation and conventional receivers lies in the 
detector, or discriminator, circuit. There are several other differences, 
however, which, although they represent no departure from the principle 
of ojieration of conventional receivers, do constitute a difference in design. 

The importance of large band width in frequency modulation receivers 
has already been discussed. In order to permit the impression of so wide 
a band of frequencies upon the discriminator circuit, it is necessary that 
the preceding stages permit the passage of all frequencies within this 
band with uniform amplification. The design of frequency-modulation 
receivers has been standardized to provide a hand width of ilOU kc, and 
accordingly, all frequency-modulation receivers are designed so that r-f 
and if stages provide essentially linear response over a band 100ke 
eithei side of the carrier. Little difficulty is experienced in obtaining 
this response in the r-f stages at the frequencies at which frequency- 
modulation receivers operate. A flat top on the frequency response curves 
of i f amplifier stages is obtained by introducing resistance' in the primary 
of the i f transformers. Values of about 1 5,000 ohms arc common. In 
all other respects, the i-f transformers are of conventional double tuned 
design and do not differ funds mentally from standard units. 

Jt ip> essential for the proper functioning of the discriminator circuit 
that all frequencies within the band limits are of equal amplitude at the 
discriminator input circuit. Any variation of amplitude of the frequency- 
modulated i f signal at different frequencies will result in variations of 
the voltages develop'd across the diode load resistors. Such variations, 
since they form no part of the original signal, appear as distortion, or 
interference, in the a f amplifier. Thus, if the signal amplitude at the 
discriminator input circuit is greater at the high frequencies than at the 
low, owing to nonuniform amplification, higher voltages are developed 
across the h f diode load resistor than across the l-f diode loud resistor. 
As a result, the wave form of the a f voltage de\t-hqied in the discriminator 
is distorted. 

In order to prevent such amplitude distortion, the stage immediately 
preceding the discriminator stage is operated at zero initial bias and com¬ 
paratively low plate voltage. Plate-current cutoff therefore occurs at 
relatively low values of negative signal input. Positive signal impulses 
cause grid current to flow. The voltage drop across a resistor placed in 
the ground return lead prevents the grid voltage from following the 
positive peaks. All variations in uinplitude that exceed a certain limit 
cause this tube to cut of! either on the positive or negative sw’iug of the 
input cycle. This circuit, called the limiter, applies a constant amplitude 
signal to the discriminator. 
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One of the outstanding advantages of the frequency-modulation 
system of transmission is the comparative freedom from noise. Practically 
all man-made and natural (static) electrical noises appear in a receiver 
as a form of amplitude modulation. Amplitude peaks caused by such 
noise pulses are effectively cut down to the signal level by the limiter 



* 
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stage. Therefore, they do not affect 
the discriminator stage and, hence, 
do not appear in the audio output. 
To a small extent, sonic forms of 
sin'll noise affect the frequency 
modulation hy appearing as pulses 
behnui c\tics of the signal. They 
thus momentarily create an effec¬ 
tive increase in band width. As 
previously discussed, the amplitude 
of the audio \ ullage developed by 
the discriminator circuit is a func¬ 
tion of the band width, and noises 
of this nature appear as momentary 
fluctuations in amplitude in the 
audio output. This type of noise 
is discriminated against by using 
wide band carrier shift. Asa result, 
the combined effect o( the limiter 
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circuit and large* band width is to 
produce* a signal to-noise ratio un¬ 
heard ol in amplitude-modulation 
rocei\ ers. 

The conception of frequency 
modulation is not entirely new, but 
until about 11K15. its real ad\ milages 
were unknown. At this time, Major 
K. II Armstrong demonstrated the 
advantage's by using wider fre 
qucncy swing than had been used 
previously* anel incorporating an 
effective amplitude limiter in his 
greatly improved the signal-to-noise 


Tlu* advisability of' using a system of radio transmission that requires 
a band width of 200 kc has been questioned, since a shortage of apace is 
already appurc*nt in the broadcast spectrum. However, the envelopment 
of frequency modulation systems will not upset the present broadcast 
system, because all operations aiv in the u h-f range. As a matter of fact, 
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<*pace ma\ actualh bo conserved Because of the limited range in the 
u h f plectrum stations onh a few miles apart ean opeiate on the same 
frequency with \ei\ little niteifereme aiea In addition owing to the 
effective dismininatiou against both natural and man made static 
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auto-filarm si gnal- Ill general, an auto-alarm system consists of a con¬ 
ventional receiver, either tuned r-f or superheterodyne, in connection 
with a selector that ensures that the alarm relays are set off only by the 
proper combination of incoming signals. The receiver is fixed-tuned on 
the international distress frequency of 500 kc. 

The international auto-alarm signal adopted by international law 
consists of a series of 12 dashes of 4 sec duration with 1-sec intervals 
between the dashes, international law requires that a ship in distress 
transmit this auto-alarm signal prior to the distress signal NON. Ships 
having only one operator are required to have auto-alarm receiving 
systems in operation at all times when the operator is not on watch. 
The reception of the auto alarm signal described above operates a stepping 
relay, which is really a form of rotary switch equipped with a ratchet. 
Any received signal of the proper duration will cause the stepping relay 
to be advanced one position. Sufficient leeway is provided in the timing 
of the apparatus so that a signal from 3.5 to 4.5 sec in duration will 
operate the latching relay. 

A minimum of four received signal pulses of the proper duration and 
spacing will operate the alarm system. When the* stepping relay advances 
four positions, it» closes a pair of contacts that actuate the alarm system. 
Another relay is so wired into the circuit that any excessive delay between 
signal pulses (longer than J sec) will actuate it to return the stepping 
relay to zero position. Thus, only dashes of the proper length can actuate 
the stepping relay, and only those properly spaced can continue to 
ojierate it. 

When the stepping relay is closed by four properly spaced dashes of 
the correct length, it closes an alarm bell circuit. At the same time, a 
circuit is opened, which prevents further signals from returning the 
stepping relay to zero position. 

The alarm bells are customarily located in the operator's quarters, on 
the bridge, and in the radio room itself. Thus, if for some reason, the 
operator is not recalled to his post by the alarm signal, he will be notified 
by the oflieer on watch on the bridge. Most installations also include a 
red warning light which nj ionites whenever the stepping reluy ia advanced 
one position. The operator is thus advised whenever heavy static is 
impairing the operation of the instiunicnl and can accordingly' adjust 
the sensitivity of the receiver 

QUESTIONS AND PROBLEMS* 

1, What arc the primary characteristics of a choke input fill it * 

2. is a grid-leak typo of detector uioie oi less sensitive than a power 
detector (plate rectification) * Why ; 

* These questions amt problems an* taken from the ‘ F V (\ Ktuil> (Jiude loi (ViinmomaJ 
Hadio Operator Examinations.” 
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8. What are the advantages to bo obtained from adding a tuned r-f stage 
ahead of the first detector (convertor) stage of a su]>erhelerodyne receiver ! 

4. How is automatic volume control accomplished in a radio receiver? 

5. Tf a superheterodyne receiver is tuned to a desired signal at 1,000kc 
and its conversion oscillator is operating at 1,300 kc, what would be the fre¬ 
quency of an incoming signal which would possibly cause image reception f 

8. Why docs a screen-grid tube normally require un neutralization when 
used as an r-f amplifier } 

7. In a class A a-f amplifier, what is the main advantage obtained through 
the use of two triodes m push-pull as compared to parallel o]>eration f 

8. Explain how power detection is accomplished. 

8. What is the function of the grid leak in a grid-leak t\pc of detector' 

10. What are the advantages of push-pull amplification as compared to 
single -ended amplification * 



Chapter XIII 
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Modern transmitting systems may bo divided into three parts: the 
power supply, the oscillator system, and the amplifier. In broadcast or 
radiotelephone transmitters, a fourth part comprising a speech-amplifier 
and speech-modulator system may be added. K.ieh of these divisions of 
a radio transmitter will he discussed separately. 


77 / a : row KR srPPLY 

Transmitter power supplies may, in general, he placed in tw'o major 
classiHeations, namely, those utilizing alternating current as a basic 
source of power and those utilizing direct current as the power source. 
Usually, where only direct current is n \ailable for power supply j»ur)>oses, 
some form of motor generator having an output of the proper voltage 
and current rating is used to provide the direct current necessary for the 
operation of the transmitter vacuum tubes. Most shipboard installations 
fall under this classification, although some Mich installations utilize 
motor generators will) an output of 110 or 220 v alternating current, 
either single phase or polyphase. This alternating current is then stepped 
up in voltage by a transformer, rectified, and filtered. 

Many' broadcast and coastal telegraph shore stations utilize d c geuer 
ators driven from an a e source to supply power to transmitter vacuum 
tubes. These installations usually include a number of generators to 
supply the necessary power for plate circuits, bias circuits, and filament 
or heater operation. 

Motor generators utilized to fulfill the above functions have been 
treated in (/hap. VI and will therefore not be discussed here. 

The most widely used source of power for radio transmitters is the 
alternating current supplied by power companies. Power supplies 
operating from such sources are classified according to the nature of the 
alternating current concerned. There are usually two such classifications 
— the (thigh-phase system ami the three-phase system and it is customary 
to refer to any a-e system having more than a single phase as a polyphase 
System. Although two-phase systems arc utilized for some forms of powder 
transmission, they arc 4 not in general use and are not used in transmitter 
power-supply' systems. 

Single-phase Power Supplies. The single-phase power supplies used 

310 
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in transmitters are identical in principle with the power supplies discussed 
for receivers in the beginning of Chap, XII. Of course, power supplies 
for most transmitters must deliver a much higher voltage than receiver 
power packs. Nevertheless, aside from the voltage and current demands, 
the two types of power supplies are identical. All the design data and 
theory that were discussed in ('’hap. XII can l>e applied with equal 
accuracy to transmitter systems. 

In some respects, fundamental design practice is altered in transmitter 
single-phase ]>ower-supply systems. For example, the exceedingly large 
transformers required to supply high voltage to the rectifier plates can 
be more efficiently manufactured as separate components. Separate 
transformers art 1 utilized to supply filament or heater current. Similarly, 
a number of entirely separate power supplies are used in high-power 
transmitters to provide power for individual stages of the transmitter. 
This practice is usually economical as well as efficient. It is easier to 
design an efficient powei pack to supply a fixed voltage with relatively 
constant load than to design a power pack to supply' a number of different 
voltages with resultant loss of efficiency. Furthermore, power-output 
stages require less littering than do the earlier stages in a transmitter. 
Filter components (capacitors and chokes) for the tremendously high 
voltages used in some of these stages are expensive. Although the amount 
of tillering required in earlier stages of a transmittci is greater, the filter 
components for these lower-voltage power supplies are comparatively 
inexpensive. 

Tin* use of separate power supplies for separate stages of a transmitter 
offers other advantages Radio-frequency feedback from the output 
stage to an eaiiier stage thiough the common impedance of the ]M»wer 
supply is completely eliminated and obviates the necessity for r-f filtering 
and decoupling networks, which would have to he used with a common 
supply. L and (' components for such networks aie rather expensive 
items in high-power stages. 

Separate power supplies to supply- bias power are practically always 
utilized in transmitters of appreciable power. Aside from the practical 
advantages, there are several important advantages of this practice, 
which will be discussed in the circuit section ol this chapter. 

Single-phase rectifier and filter systems in transmitter power packs do 
not differ radically in practical design from receiver power packs. Of 
course, rectifier tubes capable of handling greater currents at higher 
voltages are required. Mercury-vapor tubes are more often used in 
transmitters because of the small voltage drop in the tube. 

Polyphase Power Supplies. Poly phase alternating currents of three 
phases arc very commonly used as the primary power source for radio- 
transmitter power supplies. A tliree-phusc source is one comprised of 
three distinct emfs. The three phase currants used for transmitter 
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circuits and supplied by municipal power companies are balanced. Such 
a three-phase source is said to be balanced when the three emfs have the 
same effective values and when they are displaced in phase from each 
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other by 120 The condition of pcrieit balance is assumed m the 
follow ing discussion 

A graph of a three phase alternating current is shown in Fig 1S1 It 
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is appurent from this graph that at any instant the net voltage (the 
vector sum of the individual voltages) is zero Hence, the terminals of 
the three emfs ma;v he connected ni series, and thoie will he no residual 
voltage in the combination Such a connection is known as the "delta,” 
ot “mesh,'* oonneetion A diagram of a delta-connected system with 
a vector diagram representing the emfs is shown in Fig. 182. This 
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connection iecei\es its name from the resemblance of the vector diagram 
to the Greek letter A (delta). 

A diagram of a Y- (wye) or star-connected three-phase system is shown 
in Fig. 183 with its accompanying vector diagram. This connection 
receives its name from the resemblance of its vector diagram to the letter 
Y or to a three-cornered star. Although the diagrams of Figs. 182 and 
183 show independent sources for each phase emf, these sources are 
simply so shown for ease of illustration. Actually, modern power plants 
generate three-phase alternating currents by means of revolving field 
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alternators Such alternators have tlnee distinct armature windings 
which art' either delta- or star-connected. 

hi the star connected system of Fig 1S3, it is seen that 


E, E, E„ 

(1) 

Ei E b — E„, 

(2) 

A’ a - B t - E b . 

(3) 

Adding Eqs. (1), (2), and (3), 


Ei , E 2 t E i - E u + E b J E, -E, - E a - E b , 

(4) 

and 


E t «, 

(6) 

where E T - net line voltage. 



By dropping a perpendicular (OJ , Fig. 183) from the 0 point to one 
of the line-voltage vectors, the lino-voltage vector is bisected. Then, by 
trigonometry, 

— - E„ sin 60 , (0) 

where E L — line voltage E^ E 2 , or i£ 3 , 

E p - phase voltage - E ai E h , or E c . 

22 IN * ) 
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From Eq. (6), 

E l - 2E p sin 60°, 

(7) 

or 

E l 2E„ (O.tifitt), 

(«) 

and 

Ii L - 1.7 3A\. 

(») 

In the delta-connected system of Fig. 182, it is apparent that 



A\ - - E„ 

(10) 


E. i - K],. 

(11) 


E n A’,- 

(12) 


floimpr, it can bo shown that the vector relations between the phase 
and line atrnnfx in a delta connected system are the same as the vector 
relations between the phase and lino tvltagi# in a star-connected Rystem. 
It follows, therefore, that in a delta-connected system 

*l ( 13 ) 

w here / L line current; 

/„ phase current. 

From the foregoing, it viill be seen that the power in a .star-connected 
three-phase system is 

P - 1.73/? ■ I ■ cos 0, (14) 

where P true power of the circuit; 

E line voltage across each phase; 

/ line current in each phase line : 
cos 0 power factor of the circuit. 

Similarly, the power in a delta-connected three-phase system is 

P /? ■ 1.737 cos 0, (15) 

w'hcrc the symbols have the same meaning as in Eq. (14). 

For general use, the equation 

P E ■ / • 1.73 ■ ensfl (16) 

can be applied either to delta or star-connected systems since numerically 
Eqs. (14) and (13) are equivalent. 

As in single-phase circuits, the basic unit of the polyphase-transmitter 
power supply is the plate, or high-voltage, transformer. This trans¬ 
former, in addition to performing the very necessary function of voltage 
step-up, may also be considered as n coupling device used to connect the 
polyphase voltage source to a polyphase-rectifier load. 

There arc three methods of coupling three-phase voltage sources to 
polyphase loads by means of transformers. The first of these is called 
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the dettfr-delta connection and consists of connecting the primary and 
secondary windings, respectively, in delta, as shown in Fig. 184(a). This 
system has the main advantage that three similar single-phase trans¬ 
formers can ho so connected instead of utilizing a single inultiwinding 
unit. Furthermore, if one unit is disabled, the bank can be connected 
open-delta This connection, often also called V-V connection, is shown 
in Fig. 184(b) Although the capacity of the system when so connected 
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falls to nppioxunaleU .IS per cent of the three-unit capacity, it is useful 
in an emergency 

For low-voltage, Ingh-current service, the delta delta connected system 
is an economical design and is also free from third harmonic troubles. 
For radio application, it has the serious disadvantage that the neutral 
cannot he derived, and in high voltages the design is expensive. 

The second method of connecting poh phase tiansfornicrs is called the 
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Y-Y method and is shown in Fig. 185(a). Among the desirable features 
of this type of connection is the fact that the neutral can be brought out 
for grounding. For high-voltage, low current applications, the design is 
more economical than the delta. In addition, a short circuit in or on one 
unit docs not cause a power short circuit, although it raises the voltage 
on the other units 1o 1.73 times normal voltage. The main disadvantage 
of this unit is the very large third-harmonic content in the voltage of 
each phase if the neutral of the primary is not properly grounded. 

The third method of transformer connection is called the delta-Y, 
or delta-star, connection. This is generally considered to be the most 
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satisfactory connection and is tlie one used in practically all radio-trans¬ 
mitter power supplies. The neutral can be brought out for either ground¬ 
ing or loading and is veiy stable, and the connection is practically free 
from third-harmonic voltages. Differences of magnetizing current, voltage 
ratio, and imjiedanee in the different units are adjusted by a small 
magnetizing current circulating in tlie delta This type of connection is 
shown in Fig. 185(h). The delta-star connection, however, cannot operate 
temporarily with two units when one is disabled. A short circuit in 
one unit is extended to all three units. Also, if the delta on the primary 
side is accidentally opened, the unexcited leg cm the V side may resonate 
with the line capacitance and cause damage. 

Polyphase Rectifier Systems. Polyphase rectifying circuits may be 
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compared in type to single-phase circuits. Ah m single phase circuits, 
polyphase rectifiers are of two types, namely, full-wave rectifiers and 
halfwave rectifiers, liecansc of the much smaller ripple component 
output of any style of polyphase rectifier system, the amount of filtering 
required is much less than w r ith single phase rectifiers. F\eu a half wave 
polyphase rectifier has a much smaller output ripple component than a 
full-wave single phase rectilier. This is an important feature of poly¬ 
phase circuits and is responsible for the use of polyphase rectifier systems 
in practically all transmitters with a power rating of over 1 kw r . 

Figure 180(a) illustrates a typical three phase halfwave rectifier 
circuit. This circuit consists essentially of three half wave rectifier tubes, 
each connected io one leg of the Y-type secondary winding. The 
individual phase circuits are much the same as a corresponding half-wave 
single-phase rectifier, the common ncutinl forming the negative return 
lead. In this arrangement, eacli rectifier lube carries cuiTent one-third 
of the time. The output wave showu in Fig. 180(b), therefore, pulsates 
at three times the frequency of the a-c supply. For conventional 60-c 
supply sources the ripple component will he 180 c. In half-w r ave rectifier 
systems of this type, the ripple frequency component in the output 
(filter circuit input) will be on the order of 50 j>er cent. 
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A three-phase full-wave rectifier circuit is shown in Fig. 187(a). With 
this system, full-wave rectification is obtained through each leg of the 
secondary winding. This circuit is capable of delivering much higher 
voltage output than a half-wave system utilizing the same transformer. 
Although four separate filament transformers and six rectifier tubes are 
required, compared with one filament transformer and three tubes of the 
half-wave system previously described, the full wave is generally preferred 
by engineers because of its greater efficiency. 

A graph of the output wa\ e of a three-phase full-wave rectifier is shown 
in Fig. 187(b). The pulsations of the output current occur at a rate six 
times the frequency of the a-c.source. For 00-c circuits, therefore, the 
output ripple frequency is MO c. The ripple-frequency component in the 
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output of three phase full-wave rectifier systems is of the order of 14 per 
cent and is a cry easily filtered. 

Another system very commonly used in transmitter power supplies is 
the three-phase half-wave double Y rectifier circuit shown in Fig. 188(a). 
This consists essentially of two three-phase half-wave rectifiers with their 
outputs connected in parallel. The phase relation between the two 
systems is such that when the output of one unit is at minimum, the 
output of the other is at maximum. Consequently, the ripple frequency 
and the percentage of ripple-frequency component in the output are 
substantially the same as for the full-wave system described above. 

The interphase reactor, or balance coil, serves the purpose of equally 
dividing the current between the two units. Each half-wave three-phase 
unit is therefore enabled to operate inde]>endently. If the reactor were 
not in the circuit, each tube would c arry the load current only one sixth 
of the time. The proper current distribution maintained by the balance 
coil permits each tube to operate one third of the time. Therefore, at 
any 7 instant, there are two lubes delivering current to the loud. As a 
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result, this circuit is capable of delivering twice the current of the half¬ 
wave circuit of Fig. 186 with a ripple frequency of the full-wave circuit 
of Fig. 187. Although this circuit will not deliver hr great a voltage output 
as the full-wave three-phase system, it requires only one tilament trans¬ 
former and is used where 
heavy current demands must 
be met. 

Polyphase Filter Systems. 

Filter systems for polyphase 
rectifier circuits must, in 
generil, meet the same re¬ 
quirements as those of single- 
phase* circuits. Since the 
ripj)le-frequency component 
is so much smaller and the 
ripple frequency so much 
higher, polyphase filters are 
relatively small, that is, the 
components have compara¬ 
tively small values of in¬ 
ductance and capacitance. 
All the formulas de\elo]»ed 
in (Imp. XII may be applied 
in designing filters for polv 
phase rectifiers. It should be 
remembered, however, that 
in polyphase systems, one 
does not deal witli input 
ripple com laments of 100 
per cent as m single-phase 
s\stems. The percentage of 
input ripple component to 
the first filter section will 
depend upon the Upe of rectifier s \stem used, as described above. 
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THE TRANSMITTER OSCILLATOR 

Any oscillator in itself may be considered a complete transmitter. If 
it were coupled to an antenna system, it would radiate the signal that it 
generates in as efficient a manner as a complete multistage transmitter. 
A number of factors, however, limit the use of simple oscillators as 
transmitters. In the first place, it is difficult to construct an oscillator of 
appreciable power output and maintain a reasonable circuit stability. 
Such an oscillator, too, would have its circuit constants disturbed by the 
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variable reflected load presented by the antenna system. In addition, 
in order to deliver the power output required for modern radio trans¬ 
mission, single oscillators would require the use of vacuum tubes so large 
that their manufacture would be unfeasible. 

Modem design practice is to use* small vacuum tubes as oscillators. 
Even high-powered broadcast transmitters utilize small receiving tubes 
of the type employed in receiver power-output stages for the oscillator 
stage. A small oscillator of this type can more easily bo efficiently designed 
for stable operation. 

Practically all modem transmitters utilize crystal oscillators because of 
the frequency-stabilization feature. As a matter of fact, broadcast and 
fixed-service telegraph and telephone transmitters are required by law 
to use crystal control. Many ship radiotelegraph transmitters utilize 
self-excited oscillators, but present-day tendencies are gradually to 
eliminate these. Eventually, all transmitters in use -even ship trans¬ 
mitters utilizing a number of different frequencies will be crystal- 
controlled. 

An oscillator converts d-c energy supplied by the plate battery (or 
powei pack) into a-e energy, which is fed to the plate tank circuit. The 
frequency at which oscillations occur is determined by the L and C 
constants of the tank circuit. but the shunting effect of the tube capacit¬ 
ances and 1 ('fleeted impedances of the grid and load coupling circuits 
also considerably affect the tank circuit parameters. In the case of a 
crystal oscillatoi, the frequency at which the tube will oscillate is limited 
by the natural period of the crystal. Tuning of the oscillator circuit, how¬ 
ever, is controlled by the tank circuit. When the tank-circuit frequency 
approaches the natural frequency of the crystal, oscillations commence. 

Oscillator conversion efficiencies higher than the theoretical maximum 
of 50 per cent for class A operation are obtained by biasing the grid 
sufficiently negative so that plate current flows (luring only a portiou of 
the cycle. The plate voltage with respect to the cathode during the period 
in which plate current flows is at a minimum, so the power loss in the 
tube is small. The oscillator thus ojjerates as a ty |>e of class C amplifier, 
and efficiencies of so and 00 per cent may be obtained. The general 
theory of vacuum-tube oscillators lias been discussed in (bap. XI and 
will not, therefore, be further enlarged upon here. 

In marine installations employing self-excited oscillators, provision is 
made for (qieration on a number of frequencies. This is usually accom¬ 
plished by taps on the main oscillator tank inductance. Vernier adjust¬ 
ment is obtained by continuously variable additional inductances. The 
FCC requires that the frequency" at each frequency for which the ship 
station is licensed be checked at periodic intervals and recalibrations 
made if necessary. In marine crystal-controlled transmitters, flexible 
operation is procured by means of separate crystals for each licensed 
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frequency. Oscillator tuning is a matter of simply switching the proper 
crystal into the circuit. The same switch arm simultaneously cuts in the 
proper amount of inductance or capacitance in the oscillator tank circuit. 

Three tuning adjustments are necessary before operating a marine 
radiotelegraph transmitter: The first is the oscillator tuning or switching 
described above; the second consists in tuning the amplifier to resonance 
with the oscillator, which is indicated by a dip on the amplifier plate- 
current meter; and the third consists in coupling the antenna to the 
final amplifier and tuning it to resonance with the amplifier. Antenna 
resonance is indicated by maximum radiation on the antenna-circuit r-f 
ammeter. Each of these three adjustments m.ist be related whenever 
a different frequency is used. 

Marine radiotelegraph transmitters customarily employ fairly high- 
powered oscillators, with the purpose of obtaining maximum transmitter 
output while utilizing a minimum number of power amplifier stages. 
Oscillator tubes such as the UV2J1 and SOD are very commonly used, 
and power outputs from the oscillator of JOOw can be obtained with 
these tubes. However, such oscillators are usually run at much lower 
outputs with improved stability. 

Fixed service (point-to point) radiotelegraph, broadcast radiotelephone, 
and other fixed types of radiotelephone transmitter utilize crystal oscill¬ 
ators. In such oscillators every effort is made to obtain high stability. 
Power output is of seeondary importance, since space is not at a premium 
and sufficient amplifier stages may be used to produce any required 
output power. Usually small tubes sir* used, such as the 0NK7, 6L6, 
and so on. Such tubes operate at low voltages, making possible the use 
of small eircuit eonstants, which ]K'rmits economical design of the entire 
oscillator circuit with a high degree of stability. Many commercial 
broadcast transmitters employ tulies as large ah the type 802. Although 
as much as Hi w may be obtained from an K02 oscillator, such tubes are 
customarily operated at much lower outputs in the interest of stability. 
In these oscillators the use of the electron-coupled circuit is virtually 
standard practice. In many transmitters, the oscillator plate circuit is 
untuned, which contributes materially to the reliability. 

When* uninterrupted operation is important, as in broadcast trans¬ 
mitters, duplicate crystals and ovens are provided, with both ovens in 
continuous operation. In case of crystal failure a switching arrangement 
permits rapid changeover to the spare unit. Many manufacturers supply 
two complete oscillator units, a practice that has much to recommend it 
from tlie practical point of view, and the following buffer amplifier may 
be easily and rapidly switched to either oscillator. Each oscillator is 
constructed on a self-contained, shielded chassis ; upon failure of one 
unit, the spare is switched in the circuit and the defective unit easily 
removed from the transmitter for service. 
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THE TRANSMITTER AMPLIFIER 

In general, transmitter amplifiers function to amplify the oscillator 
output to the value of r-f power that- it is desired to present to the antenna 
system. In most modem marine radiotelegraph transmitters, considerable 
power is usually taken from the oscillator circuit, and the following 
transmitter amplifier therefore functions as a }>ower amplifier. Most 
modem marine radiotelegraph transmitters utilize a single power-amplifier 
stage, employing a number of tubes in parallel to achieve the desired 
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output. tor this reason a fairly high powered oscillator is used, although 
at some sacrifice of oscillator stability. However, since such transmitters 
are not subject to continuous operation over long periods, and since the 
oscillator and amplifier circuits are frequently retained, the sacrifice in 
stability is to some extent justified. The circuit of an elementary master- 
oscillator power amplifier marine radiotelegraph transmitter is shown in 
Pig. 189. 

In broadcast transmitters, oscillator stability is the primary consider¬ 
ation. If appreciable power were drawn from the oscillator, instability 
of oscillator frequency, such as that caused by modulation of later 
amplifier stages, would be experienced under varying load conditions. 
To enable the oscillator to work into a constant load imjiedance under all 
conditions, an isolating amplifier is utilized between the oscillator and 
the power-amplifier section of the transmitter. An amplifier employed in 
this manner is called a buffer amplifier. 



328 


RADIO TECHNOLOGY 


A buffer amplifier is essentially a voltage amplifier and is usually biased 
to at least plate-current cutoff point. For use with a given oscillator, a 
buffer amplifier tube is chosen having characteristics that will permit 
operation such that the positive peaks of oscillator r-f voltage do not 
exceed the necessary grid-bias value. The buffer therefore draws no grid 
current, and a nonvarving load is presented to the oscillator. Since 
considerable voltage gain is obtained in the buffer amplifier, relatively 
low power tubes can be utilized as oscillators with the circuit-stability 

advantages previously men¬ 
tioned. Consequently, the 
buffer stage Nerves the 
double purpose of provid¬ 
ing voltage amplification 
and isolating the oscillator. 

Except for cert ain special - 
purpose stages, the am¬ 
plifier stages following the 
buffer in a transmitter are 
power amplifiers. As power 
amplifiers, they may be 
operated class A, class B. or 
class V. Since classes B and 
(' are relatively more effi 
cicnt than class A amplifi¬ 
cation, these classifications 
are employed almost ex¬ 
clusively m transmitter r f 
power amplifiers. Since 
plate current flows during 
only a portion of the ex¬ 
citation cjcle when class B or T amplification is used, there is zero plate 
current throughout the remainder of tin- cycle. During this period, 
therefore, no plate power is dissipated in the tube, with resultant higher- 
power efficiency. In transmitter work where high-powered vacuum 
tubes are used, the power saving is appreciable. 

With a-f class B amplification, it is necessary to use two tubes in push- 
pull to avoid distortion. Although the push-pull circuit iN often used in 
r-f power amplifiers, a single-tube stage is often operated class B in trans¬ 
mitters without distortion of the modulated envelope. This is show T n in 
Fig. 190. Here a single tube operating class B is used to amplify a modu¬ 
lated r-f signal. Despite the fact that the r-f carrier is considerably 
distorted by the negative peak cutoffs, the wave form of the a-f envelope 
is unaffected, provided that the tube is operating over a linear portion of 
its characteristic. 
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With single-tube class B oj>cratioii, harmonics of the carrier frequency 
are present in the ])h»te circuit. This necessitates the use of tuned circuits 
in the following amplifier stages to filter out the harmonics, which other¬ 
wise would reach the antenna and be radiated, causing objectionable 
interference on these frequencies. By the use of two tubes in push-pull 
derating class B, all the even-order harmonics are eliminated in the 
plate circuit if the stage is properly balanced, with the result that the 
amount of filtering required in subsequent stages is considerably reduced. 
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When a class B amplifier is utilized as a earner liequency amplifier 
before the modulated stage of a radiotelephone transmitter, a plate- 
circuit efficiency of approximately 33 per cent can be realized. When a 
class B amplifier operates as an amplifier of a modulated r-f signal, the 
plate circuit efficiency is also a function of the percentage modulation. 
With 100 per cent modulation, the instantaneous peak power output is 
four limes the unmodulated output. With the same percentage modula¬ 
tion, the average power output is J.o times the unmodulated output. 
Plate efficiencies of approximately 70 per cent can be realized with 100 
per cent modulation. 

Because of the higher efficiencies that are possible, class V r-f power 
amplification is used in transmitters w herevor possible when considerable 
power is being handled. Because of the distortion of the modulated 
envelope (Fig. 191), class V amplification cannot he utilized to amplify 
a modulated carrier, but it is widely used in amplifier stages preceding 
the modulated stage in radiotelephone transmitters. In radiotelegraph 
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transmitters, inhere there is no modulation envelope to consider, the use 
of class C power am])lilication is practically universal, and plate-circuit 
efficiencies of approximately K. r > per cent are realized under such condi¬ 
tions. The application of class B and class C amplification in the 

modulated stage of a transmitter is 
discussed in a later section of this 
chapter- 

Pover tubes are customarily rated 
by the manufacturers on the maxi¬ 
mum power that can he dissipated at 
the plate without overheating. Thus, 
if an r-f power amplifier stage is de 
signed fo operate w T ith an efficiency 
of r»0 per cent, an input from the 
power supply of 100 w' would be re¬ 
quired to produce a desired output 
of f>0 w. A tube that could dissipate 
JiO w (plate circuit) without excessive 
heating would be required. Increasing 
the plate circuit power input above 
the JOO-w value in an attempt to 
obtain greater out]ml would result in 
overloading the tube, with resultant 
overheating and possible 1 destruction. 
By utilizing a different class of am 
plitication. however, the plate effici¬ 
ency can he increased, and the same 
lube can be used to achieve greater 
output. Thus, if the efficiency is 
increased to 70 per cent, the per¬ 
missible input can be increased to 
KiO w. w T ith a resultant output of 
11 ff w r , an increase of 232 per cent. 
The power dissipated in the tube 
remains the same, that is. oO w. It 
is apparent that the higher the plate- 
circuit efficiency the greater the mtput which cun bo obtained from a 
given tube. It is foi this reason that class t 1 amplification, which results 
in highest plate-circuit efficiency, is employed whenever consistent with 
other circuit requirements and especially when high-power outputs are 
of primary consideration. 

The power loss in a vacuum tube is dissipated in the form of heat. 
Although this loss can bo mathematically treated as though it were an 
PR loss in the tube internal plate cathode circuit, it is actually due to 
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electronic bombardment of the plate. The heat that is dissipated, there¬ 
fore, is radiated from the plate. In small, receiving-type vacuum tubes, 
sufficient plate radiation of heat iR obtained by allowing air to circulate 
freely about the glass envelope of the tube. The high heat-radiating 
efficiency of a black body is responsible for 
the development of plate structures com¬ 
posed of carbon or gTaplxite. As the power 
ratings increase, the heat-radiation problem 
increases, and it is often necessary to increase 
air circulation about a tube by means of a 
blower. Some types of air-cooled tubes are 
designed to operate with the pla'e at a dull- 
red. or cherry-red, heat. Above J,000-w 
power ratings, it is often necessary to 
resort to water cooling of the tube plate, 

A typical high powered water-cooled 
transmitting tube is shown in Fig. 193. 

When opeiatedas a class (’ plate-modulated 
r f power amplifier, the tube pictured an 
RC‘A type 898 can deliver an output of 
approximately 4.1 kw. 

The construction of a typical water-cooled 
power tube is shown in Fig. 194. The plate 
of the tube is a seamless copper tube, and 
by means of a special cop])er-glass sealing 
arrangement, tliis copper plate is welded 
to the glass base of the tube and forms part 
of the envelope. The filament ami grid are 
supported inside tlie cylindrical copper anode 
and are not visible through the glass en 
velope. The cupper-tube plate is immersed 
in wuter in a water jacket that completely 
surrounds it. Rubber hoses connect the 
water-jacket inlet ami outlet to a pumping ,Ji”'j{“.ho. (Z 
system that keeps the water circulating, u^yofmw l imm/actunny Ca„ 
Water with high specific resistance, usually Inp I 
rain water or distilled w r ater, is used in 

order to prevent current leakage. Since Ihe plate voltage on such tubes 
is on the order of 1.1,000 to 20,000 v, it is usually necessary to coil both 
inlet and outlet hoses in lengths of 20 to 30 ft to provide a long water- 
leakage path. 

Most commercial \acuum-tubc water-cooling systems utilize a closed 
circulating arrangement. Water pressure and resulting circulation are 
provided by an electrically 1 driven centrifugal pump. A pressure valve 
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is so connected in the circuit that an\ decrease in water pressure acts to 
o])erate a relay, which, in turn, disconnects the plate voltage from the 
tube. Were it not for this precaution, the large amount of power dissipated 
at the plate would cause a rapid excessive rise in temperature upon failure 
of the cooling system and destroy the tube. Cases are on record where 
the copper anode of the tube has melted in such circumstances. 

The exact circuit calculations involved in the design of class B and 



class C r f power amplilieis become quite involved. mainl\ because of the 
number of variable factors concerned A precise method of design would 
entail making a number of dillemit calculations to obtain the |>erformancc 
under various conditions. The ultimate design is a function of the degree 
of linearitv desired, required power output, load linpedauce, and available 
excitation voltage. The procedure is to utilize the manufacturer’s 
characteristic 1 curves for the particular tube being considered and plot a 
number of graphs for different load impedances with variation of excita¬ 
tion voltage. The circuit constants are then chosen for the operating 
point at which the desired power output is obtained with the greatest 
degree of linearity. 

An approximate procedure is to choose a tube that is capable of 
supplying the desired power output. The plate circuit efficiency, plate 
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voltage, and current under o]rtiinum load conditions are tlien obtained 
from manufacturer's data. With these values known, the necessary grid 
bias can be computed approximately from the amplification factor. 
Thus, class B amplification is defined as amplifier operation in which the 
grid bias is approximately equal to the cutoff \ alue, so that plate current 
flows for approximately one half of each alternating voltage input cycle. 
Plate-current cutoff mav he assumed to occur when 

/i®. - (17) 

where E g grid voltage; 

E p - plate voltage. 

* Solving Eq. (17) for E„, 

K -■ (IB) 


The approximate necessary \alue of negative grid bias to ojicrate a 
given tube as a class B power amplifier may then be obtained by 
substitution in Eq. (IH), 

The calculation for class V amplifiers is based on the same method. 
Since plate current flows for considerably less than one hnlf cycle with 
class V operation, the grid must he biased appreciably beyond cutoff, 
(‘lass (' operation varies considerably with particular applications 
deluding upon other circuit requirements. Plate eurrent may be 
required to How during as small a portion ul the cycle as 00 and duiing 
aw large a portion as 120 . The bias value beyond cutoff is therefore a 
function of the type of class (* operation desired. In theoretical problems 
where the exact tyjie of operation is not specified, a bias value approx¬ 
imately 2.5 times the cutoff value is customarily assumed. The cutoff 
value is obtained from Eq. (IS) and multiplied by the correction factor 
2.5. Thus, for class C operation. 




2.5 E„ 
!* 


(19) 


Problem. A triode transmitting tube operating with a plate- voltage of 
1,250 v has a filament cm rent of 11.25 amp, a filament voltage of 10, and a 
plate current of 150 ina. The amplification factor is 25. What value of control 
grid bias must be used for operation .is a class f 1 amplifier * 


Solution. 

2.oA’„ 

(10) 


K - - • 

tl 




Substituting, 

2.5(1,250) 

A " ' 25 ' ’ 

(20) 


K u - 125, 

(21) 


E„ - i25v. 

(22) 
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The Frequency Multiplier. It is often desirable to operate a crystal 
oscillator at a comparatively low frequency to furnish excitation for an 
amplifier that operates at a much higher frequency. This is generally 
true of the operation of h-f transmitters. High-frequency oscillations are 
not readily produced by quartz-crystal oscillators. As lias been shown 
(Chap. XI), the frequency of oscillation of a quartz crystal varies inversely 
with the thickness and crystals ground for high frequencies are therefore 
very thin, have a high natural period of vibration, and are very likely to 
crack in service. In addition, they are notoriously unstable, being much 
more subject to the effects of temperature variation. 

In modem h-f transmitters, the crystal oscillator is operated at a 
comparatively low frequency, which ivS readily produced by the crystal. 
High frequency output is achieved by means of frequency-multiplier 
stages. The plate current of a class t 1 amplifier is badly distorted and 
therefore contains a largo jiercentage of harmonics. It in possible to 
resonate the tank circuit of an amplifier to one of these harmonics and 
cause it to absorb considerable power at this frequency. The inqiedance 
offered to the fundamental and the remaining harmonics by the tank 
circuit will be small, and consequently, comparatively little power will 
be developed in the tank circuit at these frequencies. Ail amplifier 
operated in this manner is (‘ailed a frequency multiplier. 

The tank circuit of a frequency multiplier is usually tuned to the second 
harmonic of the input excitation frequency, since the second harmonic 
content of the amplifier plate current is ordinarily greater than that of 
the other harmonic frequencies. A frequency multiplier operated in this 
fashion is (‘ailed a frequency doubler. Where very h-f output is required 
from a transmitter using an 1-f crystal-oscillator stage, two or more 
doubler stages are often used. A class (J amplifier having a plate efficiency 
of 80 per cent will show an efficiency of approximately 70 per cent when 
used as a frequency doubler. 

Although the approved practice is to employ a number of frequency 
doubler stages to obtain a desired h-f output, greater multiplication per 
stage can be employed. Frequency tripling is often utilized where the 
number of stages which may be employed is limited. In transmitters 
of extremely high-frequency output, quadrupling of frequency has 
been used with relatively good results. However, the plate efficiency falls 
off rapidly as the multiplication per stage is increased with resultant, 
decreasing power output. A number of compromise designs have been 
worked out by manufacturers. These designs utilize frequency tripling 
with an added stage of straight power amplification to make up the power 
loss in the multiplier stages. It has been possible to effect a design 
employing fewer stages than would be required if frequency doubling 
were utilized to obtain the same power output. 

Since the input and output circuits of frequency multiplier stages are 
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tuned to different frequencies^ troubles due to interstage coupling, feed¬ 
back, and so on, are eliminated in such amplifiers. For this reason, 
triode tubes used as frequency multipliers need not be neutralized. 




Fig 1H5. (a) (Ws C amplifier operating as a frequency doublor. (b) Frequency- 

doublet wave lorms showing relation hot ween gmi voltage, plate current, plate voltage, 
and tank corient. 

Frequency-doubling action is obtained in a class C amplifier By biasing 
the grid well beyond plate-current cutoff point, the necessary bias value 
usually being in the vicinity of twice that necessary for cutoff. This 
arrangement is shown in Fig. 195(a). At first it would appear that at 
such high values of negative bias the tube would be blocked throughout 
the entire input cycle. This is prevented, however, by increasing the 
excitation voltage sufficiently to cause plate current to flow during one 

*3—(N Y J 
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fourth of the excitation cycle. The harmonica generated by this mode of 
operation are called forced harmonics. 

In Fig. 105(a). ii is aeon that plate current flows during only 90° of 
the grid-excitation cycle. Throughout the remaining 270' of the cycle, 
the tube is blocked by the excessive negative voltage on the grid. At 
the moment of maximum plate current, plate voltage is at a minimum 
owing to the IZ drop through the tank-circuit load. Since the tank 
circuit is tuned to parallel resonance at the second-harmonic frequency 
for frequency doubler ojK'rution, the impedance offered by it is at a 
maximum at this frequency. At zero plate-current condition (tube 
blocked), there is no IZ drop across the impedance of the tank circuit 
except that due to the circulating current, and plate voltage is con¬ 
sequent lv at a maximum. As the plate current increases, the IZ drop 
across the tank circuit increases, with resultant decrease in voltage at 
the plate of the tube. When plate current is at a maximum, therefore, 
the tank circuit JZ drop is maximum and plate voltage is at a minimum, 
as shown in Fig. 193(b). It is apparent that the plate voltage and current 
are 180 J out of phase. 

When plate current ceases during the 270 of the cycle in which the 
tube is blocked, the \oltage continues to vary in an undistorted form 
around the average plate voltage because of the effect of the tuned-plate 
tank circuit. As power is transferred to the tank ciicuit because of the 
pulsation of plate current, eucrgv is built up ill the form of electrostatic 
and electromagnetic fields about the capacitance and inductance of this 
tank circuit. When the source of pow er is removed (w hen tube is blocked), 
the collapse of them* fields induces an cinf, which in turn (auses a current 
in the tank circuit in the same form as the original pulses. This condition 
is called the tank circuit flywheel effect and is shown in Fig 195(b). 
The single pulse of plate current during 90 of the input cycle causes a 
complete cycle of plate voltage during ISO 1 of the input cycle. It is 
apparent, therefore, that the plate voltage varies at twice the frequency 
of the excitation voltage, that is, there are two plate voltage cycles for 
each grid ex citation-voltage c\ elc. Since the tank-circuit current depends 
directly upon the plafe-voltage variations, the frequency of the tank- 
circuit circulating current is twice that of the excitation voltage; in 
other words, the input frequency has been doubled. 

Frequency tripling is achieved by tuning the plate circuit to three 
times the exciting frequency. Better efficiency is obtained by ]remitting 
plate current to flow r during only one sixth of the excitation-voltage cycle, 
which is accomplished by increasing the bias so that the tube unblocks 
during only 60" of the cycle. A complete plate-voltage cycle therefore 
occurs during 120° of the excitation-voltage cycle, that is, the tank- 
circuit circulating current frequency is three times that of the excitation 
voltage. 
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Neutralization. Since the udvent of screen-grid tubes, with resultant 
reduction in tube interclectrode capacities, these tubes have been used 
almost exclusively in receiving circuits. Despite the fact that a number 
of screen-grid transmitting tubes are available in various power ratings, 
higher power efficiencies are possible in ninny applications with triode 
tubes, especially with the circuit parameters encountered in high-pow'er 
installations. For this reason triode tubes are still employed in many 
commercial transmitter circuits. Many circuits employ a combination 
utilizing screen-grid tubes in some stages and triodcs in others. 

Because of the interelectrode capacitances of triodes. notably the plate- 
grid capacity, considerable feedback, or regeneration, normully occurs in 
such tubes through this capacitance in amplifiers w hen 4 input and output 
circuits arc tuned to the same frequency. Unless steps are takeu to cheek 
such feedback, the amplifier breaks into self-oscillation. Even w r here 
feedback conditions an* not severe enough to cause oscillation, the 
regenerative condition causes unstable oration and variation in 
frequency response and amplification. 

Oscillation is prevented in transmitter power-amplifier stages by means 
of neutralization* which consists of feeding back from plate to grid circuit 
of the amplifier n voltage that is equal in magnitude hut opposite in 
phase (ISO out of phase) to the feedback voltage occurring through the 
tube intereleetrude capacitance. This can be accomplished by inserting 
in the circuit a condenser having a capacitance equal to the tube grid- 
plate capacitance. The condenser couples the grid circuit to the pnqier 
portion of the plate circuit t hat provides a voltage having the necessary 
phase disposition. Neutralizing circuits must be carefully balanced to 
achieve the desired result. Ail} maladjustment inav result in aggravating 
the feedback condition instead of relieving it In addition, improper 
adjustment of neutralizing condensers may result in partial by-passing 
of the amplifier itself, with resultant loss in effective gain of (ho stage. 

A number of circuits have been developed to achieve effective neutraliz¬ 
ation. Nearly all are variations of the Wheatstone-bridge circuit, in which 
the various bridge legs are capacitive or inductive reactances or combina¬ 
tions of both. Neutralization is accomplished w lien the bridge is balanced. 

A number of commonly employed neutralizing circuits are shown in 
Fig. 19ti. The circuit shown at (a) is called the Bice neutralizing circuit 
after (\ W. Rice 4 , its originator. The bridge circuit equivalent circuit is 
also shown. In the equivalent-circuit, diagram, the tube itself is omitted, 
the tube grid-plate capacitance being represented by C op . In transmitter 
circuits, the grid input, inductance [ L„-L b , Fig. 190(a)) is provided by the 
plate tank-circuit inductance of the previous stage. Accurate adjustment 
is facilitated by taps on this inductance. The lower terminal N is connected 
to the plate by the neutralizing condenser ( f „. The input terminals 0 
and N and the output terminals F and P form the two pairs of diagonally 
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opposite points of the equivalent budge ciiciut The budge can be 
balanced in eithei sense Thus the condition of balance is attained when 
no voltage exists acioss teuninals ON lx cause of a voltage across FP 


G 
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Sinnliuh when tin budge is balmced because of a Milt age acioss Gb 
no voltage will exist acioss bl* Hence no cmiint will flow between F 
and P because of a voltage acioss G\ The littci method is the one 
common]} used in practice to achieve ncuti ill/ ition balance 

The pioceduie is as follows The plate supph voltage is left oft An 
if thermocouple gahanomctci is connected m senes with the plate 
tank cncuil indue tunc c bv means of a come mi nt switching arrangement 
Excitation is then applied to the grid, and if the iiicuit is unbalanced, 
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current will flow in the plate circuit and will be indicated by the galvano¬ 
meter. Since no plate voltage has been applied to the tube, the current 
flow is not an electronic function. The current flow orcurs through the 
tube capacity C gp . IWdenser C n is then adjusted until zero current is 
indicated on the galvanometer. The stage is then neutralized, since the 
grid plate coupling through the lube has been completely counter¬ 
balanced by the out-of-phase coupling provided by the neutralizing 
condenser. Because all the bridge arms arc not pure reactances, a 
resistance of approximately 25 ohms is customarily connected in series 
with neutralizing condenser C„. This arrangement permits a more exact 
phase balance to be obtained. 

Another popular form of balance, or neutralizing circuit, known as the 
neutrodyne circuit, is shown in Fig. 196(b). This circuit was developed 
by L. A. Hazcltine and was very popular in the days of triode tuned 
r-f receivers. It can be seen that this circuit applies the bridge-balance 
arrangement in the plate 1 circuit instead of in the grid circuit as the Rice 
system does, although the balance is obtained in much the same manner 
as in the Rice circuit. 

A neutralizing circuit used in push-pull amplifiers is illustrated in 
Fig. 190(c). It can be seen that this arrangement is simply an application 
of the Rice circuit to each tube. 

Coupling Circuits. The methods of coupling utilized between stages of 
a radio transmitter are, in general, similar to the coupling methods 
employed in receivers, namely capacitive coupling, inductive (trails' 
former) coupling, impedance coupling, and so on. These coupling methods 
were discussed in detail in (bap. XII and will not be enlarged upon here. 
In transmittei circuits, provision is usually made to vary interstage 
coupling. This aiT.mgemenl permits varying the excitation to an 
amplifier and also makes possible precise circuit adjustments. 

Often in transmitters, succeeding amplifiers, or stages, are not in close 
physical proximity to each other, especially in high-power installations 
where succeeding puw'pr-amplifier stages are frequently housed in separate 
transmitter bays. In such cases, ordinary coupling methods between 
stages are not adequate. 

Ibis difficulty is overcome by utilizing link coupling. Here the output 
circuit of one amplifier is coupled to the input circuit of the following 
amplifier by a selection of low impedance transmission line of proper 
length. Appropriate impedance-matching transformers are employed at 
each termination of the line. A step-down transformer is used in the 
output circuit of the first amplifier to match the high plate impedance of 
the amplifier tubes to the low impedance of the line. At the other termin¬ 
ation a step-up transformer is employed to match the low line impedance 
to the high amplifier input impedance. 

In interstage coupling circuits at relatively low frequencies, the physical 
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distance is so small that the transmission-line dimensions do not approach 
the wave length of the circuit. The impedance of the line itself is con¬ 
sequently more or less a negligible factor Nevertheless, the low -impedance 
arrangement is utilized to keep losses in the line itself at a minimum. 

In high-power transmitter installations, it is usually desirable to keep 
the transmitter building out of the more intense r-f field of the antenna 
in order to minimize absorption losses, feedback difficulties, and so on. 
The antenna is therefore located at some distance from the transmitter 
and coupled to it by a link circuit utilizing a long transmission line. Tn 
this case, the transmission line impedance is an important factor, and an 
exact impedance match must be established at both terminations if 



minimum power loss is to be attained. A typical antenna coupling circuit 
of this type is show n in Tig. 197. 

TELEGRAPH TRANSMITTER CONSIDERATIONS 

Radiotelegraph transmitters are inherently less complex than radio¬ 
telephone transmitters. No voice modulation is employed, and the 
necessity for speech amplifier and modulator circuits is obviated. A 
radiotelegraph transmitter is essentially a device for generating an r-f 
carrier w’avc of a given power. Since there is no modulated-carrier 
envelope to consider, considerable distortion can be tolerated, the limiting 
factor being the amount of harmonic suppression required. For this 
reason, class V amplification finds wide application in all amplifier stages 
of a radiotelegraph transmitter w ith the possible exception of the buffer 
stage. It is therefore possible to achieve exceptionally high plate-circuit 
power efficiencies in sucli transmitters. If class V amplification is utilized 
throughout, the tank-circuit oscillatory wave train is completed by the 
flywheel effect previously discussed, and a substantially constant carrier 
frequency is supplied to the output. 

Intelligence is transmitted by radioteiegra ph transmitters by breaking 
up the r-f carrier into the dots and dashes of the international Morse 
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code. Since the radiated signal is unmodulated, it requires the use of a 
heterodyne-detector receiving system in order to become converted into 
an a-f signal. In this type of reception, a radio frequency is generated 
locally within the receiver and fed simultaneously with tiie transmitter 
signal into the receiver detector circuit. The local r-f signal differs by an 
audio frequency from the incoming telegraphic carrier. The resulting 
heterodyne therefore occurs at an audio frequency that is amplified and 
converted into sound in the usual manner. 

It is often desirable to be able to receive telegraphic signals without 
the aid of a heterodyne-type receiver. To facilitate such reception, 
radiotelegraph transmitters are sometimes modulated at some fixed 
audio frequency, usually 500 or 1.000 c. Such modulation is customarily 
accomplished by utilizing a 500-c alternating current (provided by a 
special motor generator) as a source of plate voltage. Another popular 
and effective method is to interrupt the carrier at an a-f rate by some 
mechanical means, usually by a motor-driven segmented disk similar to 
a motor commutator. Such a device is called a chopper. The chopper 
interruptions should not be confused with the manual interruption of 
the r-f carrier into code dots and dashes hy a telegraph key; for the 
chopper interruptions occur in arlditiou to the telegraphic interruptions. 
This type of signal is known as interrupted continuous wave (sometimes 
abbreviated i-c-w). A telegraph transmitter producing a carrier that is 
unmodulated is said to produce a continuous-wave (c-w) signal. 

Most modem radiotelegraph transmitter provide a switching arrange¬ 
ment by means of which either a c w or i-o-w signal may be transmitted. 
The i c-w transmission is often employed when it is desired to broaden 
the signal. The broadening effect occurs by virtue of the side bands 
produced by the modulation. 

Keying Systems. As previously stated, telegraphic transmission is 
accomplished by breaking up the r f carrier into the duts and dashes of 
the international Morse code. This action amounts to starting and 
stopping the transmitters in accordance with the configuration of the 
code characters. There arc a number of ways in which keying may be 
accomplished. 

One of the simplest methods of keying is to insert the key, or keying 
relay, in series with the primary of the pow r er transformers. When the 
key is up, or open, power is removed from all circuits of the transmitter. 
This method is used for the small low-power transmitters utilized as 
marine emergency transmitters. It is unsuitable fur transmitters of higher 
pow'er because of the large amount of current l>eing interrupted. 

One of the most widely used keying systems is the so-called grid- 
frlnnlring system. This arrangement, shown in its elementary form in 
Fig. 19H(a), consists of applying excessive negative bias to the tube 
when the key is o\mi. The high value of bias drives the tube to cutoff. 
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When the key is depressed, a section of the voltage-divider resistor is 
shorted by the key, removing the bias and permitting the tube to function 
normally. 

In marine medium-power radiotelegraph transmitters, the grid¬ 
blocking system is applied to tiie oscillator tube, the excessive bias in 
key-up position preventing the tube from oscillating. In some circuits, 
the grid blocking circuit is extended to all tubes, both oscillator and 
amplifier. The circuit is merely an extension of that shown in Fig. 198(a). 

Another grid-blocking system acts to key a transmitter by alternately 
inserting and removing an r-f choke coil from the grid circuit of the 


R-F 
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oscillator cucuit. The presence of the choke effectively prevents the tube 
from oscillating When the key is depressed, the choke coil is short 
circuited and thus removed from the circuit permitting the tube to 
oscillate freely. 

In crystal-controlled transmitters, oscillator keying is not feasible, 
because of the unstable circuit conditions that result and the tendency 
of the crystal to stop oscillating. In such transmitters, the grid-blocking 
method is applied to one of the power amplifier stages following the 
buffer. In high powered transmitters, keying is usually achieved in one 
of the low level stages. 

Another system of keying, often called the center-tap method, is shown 
in Fig. 198(b). In this circuit, keying is accomplished in the negative 
or return, high-voltage circuit. The key, or relay, contacts are inserted 
in series with the negative high voltage terminal and the filament- 
transformer center-tap connection of one of the amplifier tubes. This 
system has the advantage that the plate current to only one tube is 
interrupted by the key. 

A properly designed keying system produces clean-cut dots and dashes 
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having a constant carrier frequency and producing a minimum of inter¬ 
ference. When pow er is applied and removed from a circuit very suddenly, 
as in a keying circuit, the energy time instantaneously released surges 
back and forth in the circuit until a condition of equilibrium is reached. 
This oscillatory condition is sharply damped in most keying circuits and 
therefore has no sharply defined natural period. Such an oscillation can 
be radiated from the keying circuit and can be picked up by receivers 
operating on widely different frequencies from that of the telegraph 
transmitter. Because of its short duration, this interference is heard 
as a dirk or thump in the receiver. Within a few kilocycles of the trans¬ 
mitter frequency, key clicks may also lie radiated and cause interference 
to other transmitters operating in adjacent channels many hundreds of 
miles away. 

There are two general methods of eliminating key clicks. The first is 
to use a time-delay filter circuit in association with the keying so that the 
transmitted signals are turned on and off gradually rather than abruptly, 
thus preventing the generation of high-order side bands. The circuits 
UBed for this purpose are appropriately termed lag circuits, ami a number 
of representative lag circuits are shown in Fig. 199. In many keying 
circuits, the major click component occurs when the circuit is opened, 
rather than w 7 hen the circuit is dosed In such circuits, the lag circuit 
of Fig. 199(a) can he used successfully. When the key is opened, the 
circuit energy is released through the condenser instead of discharging in 
the form of an arc across the key contacts. Upon closing the key again, 
the condenser energy lends to dissipate across the key contacts, again 
causing a spark. Dissipation of energy is prevented by the insertion of 
a small resistor in series with the condenser which absorbs most of this 
energy. 

The remaining lag circuits are seen to be various combinations of 
inductance and capacitance. Since an inductance possesses the property 
of opposing a sudden change in current, an inductance in scries with the 
key causes the current to build up at a slow rate, the excess energy being 
stored up in the form of an electromagnetic field. When the key is opened, 
the energy stored in the electromagnetic field of the inductance is 
suddenly returned to the circuit. If the current is verj T large, there will 
be a tendency for an arc to form across the key contacts with an accom¬ 
panying click. This secondary click is prevented by the action of the 
capacitance across the contacts as previously explained. 

The second method of key-dick elimination consists of inserting an 
r-f filter in tiie keying circuit. This circuit acts to filter out the keying 
transient before it can reach a part of the circuit from which radiation is 
possible. A typical r f absorption filter of this kind is shown in Fig. 200, 
in which the circuit consists of a one- or two-section inductance- 
capacitance filter arrangement. Many commercial manufacturers utilize 
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a combination of both a lag circuit and an r-f absorption filter. 
RegardlesN of whether or not an r-f filter is used, however, the lag 
circuit is almost always used, since, in addition to eliminating key 
clicks, the lag circuit prevents undue wear of key or relay contacts due 
to sparking. 

Substantially all commercial radiotelegraph transmitters utilize keyiug 
relaya for the actual interruption of the circuit. This practice ]>ermits 
low voltages to be used at the key itself and also eliminates undesirable 
long leads, Rinee the key is usually located at an operating table more 
or less removed from the transmitter itself. In addition, the use of a 
relay facilitates the performance of other circuit operations simultaneously 
viith the keying. Thus, in marine installations, the use of special double- 
contacted relays permits break-in communication. Normally, without 
the break-in relay, it is necessary to 
disconnect the antenna front the receiver 
during transmission in order to prevent 
the transmitter signal from blocking the 
receiver and possibly causing more serious 
disability. During transmission, therefore, 
the receiver is inoperative, and the opeia 
tor cannot be "broken" or interrupted 
by the operator at the distant station to 
whom he is sending, and it is necessary 
to wait until the end of the entire trails 
mission before asking for repeats and so 
on. When conditions are poor and the 
transmission is long much confusion can result from this procedure. 

When a break in relay is used, the sending operator can listen in on 
his receiver during transmission and thus can he interrupted at any 
point The break-in relay employs an extra set of coni acts that are 
connected in series between the antenna and the receiver. When the 
key is depressed and the transmitter radiates, the same relay armature 
movement simultaneously opens the receiver antenna circuit, discon¬ 
necting the receiver from the antenna. When the key is opened, the 
antenna is reconnected to the receiver. (Wserpiently. the receiver is 
connected to the antenna between the dots and dashes of the transmission, 
permitting essentially’ continuous reception during transmission. In 
most marine installations, an additional set of contacts also bleaks the 
circuit between the antenna and the transmitter when the key is up, 
thus preventing any detuning effect on the receiver. The transmitter- 
antenna contacts are so adjusted that they close just before the keying 
contacts close and open just after the keying contacts open. This lag in 
operation prevents arcing across these contacts, and actually the contacts 
are ‘'dead ' 1 during opening or closing operating. 
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Jn many point to point shore radiotelegiapli stations, automatic 
telegraph transmission is utilized A machine with a typewriter keyboard 
is used to perforate in oiled paper tape m accordance with a code arrange 
merit depending upon the type of operation The tape is mechanical!} 
fed through a photoelectric cell or mechanically actuated keying device 
that is usually called the transmitter. The transmitter output, which ih 
in the form of the dots and dashes of the inteinational Morse code is 
utilized to operate a relay, winch m turn operates the radio transmitter 
In such s\steins telegraphic speeds up to 250 words per minute can be 
achieved At such sjieeds cJectiomechamcal relays are inefficient from 
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the point of \ic\\ ol in untc nanct and adjustment Klee Ironic keying is 
there foie employed to replace the relay in such circuits I he cl c keying 
output is employed alternate 1\ to supply and to icmuye a blocking bias 
from the grid of a vacuum lube called the keying tube. Tlu plate of the 
keying tube is fed m paialkl with one of tin low level aniplihe] stages 
of the tiansmittci thioiurli a common lesistoi When the key is up there 
is no bias on the keying tube and a laigc pi itc e m rent is drawn through 
the common rcsistoi Ike uise of the resulting yoltrge chop across the 
resistor the potential applied to tlu tiansmittci arnplitiei plate is reduced 
to a yeiy low yalue and this stage docs not supply sufficient output to 
excite the following amplihu stage When the kev is down a negative 
bias beyoud cutoff value is applied to the keying tube and no plate 
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current flows thiough tins tube Consequentl v tlieie is no voltage drop 
due to this tube tinough the i(sistoi and the amplihr r functions normally 
jiio\ uling full cm itat ion to the sm (ct ding stage The cucuit arrangement 
is shown in Fig 201 
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Radiotelephone ti iiisnnttt is an in gf ru ral t misidtiabh more (onipLex 
than ladiottlegraph transmitteis In iddition to gtiuiatiug an i f carnei 
waw of the lequned pown the t hatattensfics of i complex a f current 
must be supeumposed upon tins canui with i high degiee of luleht} 
Modulation. The t>pe of modulation in gcneial use in the majonty 
of radiotelephone tiansuntters toda\ is filled amplitude modulation. 
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Unless specifically stated otherwise , the u»o of the word “modulation” 
throughout this chapter will refer to amplitude modulation In radiotelephone 
transmitters for voice transmission, such as broadcast transmitters, 
amplitude modulation may be delined as the process by which the 
amplitude of the transmitted r-f carrier wave is varied in accordance 
with the sound waves actuating the microphone. These sound waves are 
converted into a-f electric currents, as explained in Chap. XIV. By 
successive stages of a-f amplification, the audio frequencies are amplified 
until sufficient power is available to transpose them effectively to the r-f 
carrier wave. Modulation can therefore be more narrowly defined as 
superimposing an a f current upon an r f current in such a manner that 
the r f current varies in amplitude in strict accordance with the variations 
in amplitude of the a f current. In actual voice transmission, a great 
number of different a-f currents an* simultaneously imposed upon the 
r-f carrier so that the resulting wave form becomes extremely complex. 

The degree of modulation occurring in a radiotelephone system is 
described in terms of the amplitude variation of the carrier wave. This 
is customarily expressed as a decimal value called 1 lie modulation factor 
or as a percentage culled the modulation percentage. Various degrees of 
modulation are depicted graphically in Fig. 203. The modulation factor 
may be obtained from the equation 
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where m -- modulation factor; 

E , lm -- maximum canicr-Aoltage amplitude: 

A mlll minimum carrier voltage amplitude; 

E AXt average* carrier-voltage amplitude (amplitude of unmodulated 
carrier voltage). 


The percentage of modulation is obtained by multiplying Eq. (23) by 
100; thus. 
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where M -- percentage modulation. 


The maximum permissible modulation percentage, if distortion is to 
be avoided, is 100 per cent (see Fig. 203). Therefore, the maximum 
permissible modulation factor is J. Any lesser degree of modulation will 
be represented by a modulation factor having a value between 0 and 1 
and will be a decimal value. The method of obtaining the voltage ampli¬ 
tudes for substitution in Eqs. (23) and (24) is described in (liap. XVII. 

Plate-Circuit Modulation. The most widely used type of modulation 
system is that in w f hich the modulating signal is applied to the plate 
circuit of a power amplifier. In any modulation system, the circuit 
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supplying tlie modulating jwwor, that is, the final stage of a-f power 
amplification, is called the modulator, or modulating stage. The r-f power 
amplifier stage of the transmitter to which this a-f jtower is being supplied 
is called the modulated stage. In plate circuit modulation systems, the 

R-F R-F 
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plate circuit of the modulator is coupled to the plate circuit of the 
modulated stage. There are two basic methods in general use for accom¬ 
plishing plate modulation: one is called Heising, or constant-current, 
modulation, and the other is called modified Heising, or transformer* 
coupled, plate modulation. 

A typical Heising modulation system is shown in Fig. 20:>(a). Both 
the modulator and the modulated tubes are fed in parallel from the same 
power supply through a common a-f choke. The inductance of the choke 
tends to oppose any change in the current flowing through it. An increase 
in modulator plate current due to excitation from the preceding speech 
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amplifier causes a decrease in current to the plate of the modulated tube. 
The a-f choke holds the current through it from the power supply at a 
constant value; hence, the name constant-current modulation. Similarly 
a decrease in modulator plate current causes an increase in modulated 
tube plate current. 

A transformer-coupled plate modulation system is shown in Fig. 205(b). 
The amplified speech or music (audio frequencies) in the modulator 
plate circuit is delivered to the output or load transformer, the secondary 
of which is connected in scries with the modulated-stage plate Hupply. 
This transformer is commonly called the modulation transformer. The 
system is so designed that for modulation of 100 per cent the a-f voltage 
developed across the secondary of the modulation transformer is exactly 
equal to the plate voltage of the modulated tube when the a-f excitation 
to the modulator is at maximum. At positive modulation peaks, the 
modulated-stage plate voltage and, hence, current are doubled. Con 
verseJy, at negative modulation peaks, the plate current drops to zero 
with 100 per cent modulation. Thus, the modulated-stage plate current, 
which already contains an i-f carrier component, is also caused to vary 
in accordance with a f modulating signals. Since any transformer is also 
an impedance-changing device, impedance matching must be taken into 
consideration in transformer coupled plate-modulation systems if mini¬ 
mum distortion is to be incurred. The transformer-turns ratio should be 
so chosen as to match properly the plate impedance of the modulator to 
the load impedance, that is, the plate impedance of the modulated stage. 
The reader is referred to Thap A for a discussion of optimum impedance 
matching with minimum distortion. 

In general, modulation is applied to the transmitter in oiie of two 
different ways* by high level modulation or low-leoel modulation. In 
low-level systems, the modulating power is applied to one of the low- 
]KJwer-level amplifiers of the transmitter, that is, there are one or more 
linear power amplifiers following the modulated stage. In high-level 
systems, the modulating power is applied to the filial power-amplifier 
stage. High level modulation requires the development of considerable 
a-f power from the modulator. Howevei this system permits the use of 
high-efficiency class ( 4 amplifiers in the stages preceding the final stage, 
since distortion is not a controlling factor in these amplifiers. When 
low-level modulation is employed, linearly operated class B amplifiers 
w’ith resultant lower plate efficiencies must be used in the stages following 
the modulated stage if distort ion is to be avoided. The advantage of 
low-level systems is that relatively smaller amounts of a-f modulating 
power are required. Most modern commercial transmitters effect a 
compromise design in which low-level modulation is applied to one of the 
intermediate, medium-power amplifiers. 

The power that a modulator stage must be capable of supplying for 
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(eitliei \ oltage or current) is doubled The instantaneous peak power will 
consequently be foui times the unmodulated power as can be seen from 
an inspection of the familiar power equation 

P PH (25) 

It is apparent that if the value of 1 is doubled the value of / 2 and hence, 
of P is quadrupled 

With continuous 100 per tent modulation by a single pure audio tone, 
the avnaqc power will be 1 1 times the unmodulated power The average 
power when s ptedt modulation is used which lias the same instantaneous 
peak amplitude as a single pure tone has been shown to be approvimatol^ 
half as great as the average powei m tone Therefore, despite the fact 
that the instantaneous peak powti of a sjrecch modulated wave is four 
times the earner power just as with tone modulation the average power 
is onlv 1 25 tunes the unmodulated power because the average power 
of a speech oi music modulated wave vanes gieatl\ under actual ton 
ditions, the single tone value of aveiage powei (I 5 times unmodulated 
powei) is cubtoinarih used as a basis foi circuit calculations Since the 
current in a circuit is propoitional to the square root of the power 
(/ V PfH) the i it cuit current at 100 per cent modulation will he 22 5 
per cent greatn than with carnei alone 

If tin unmodulated powei amplihci required a power input of 100 w 
a powei input of 1 5 times 100 v\ oi 150 w would be lequned to modulate 
this stage 100 pci cent In other words tin modiilatoi would he required 
to supplv the additional 50 u m the form of a f power This additional 
50 w of power is expended m the ladiated signal in the form of suit bands 
Side bands arc the itsult of the heterodyning of the earner fiecpiencv 
and the modulating audio fiequencv Then aie two side bands cone 
spondiug to the sum and diflcremcc heterodyning frequenties The upper 
side band is equal to the < liner plus the audio frequent y and the lower 
side hand is equal to the earner frequency minus the audio frequency 
There will be a pair of side* bands lot each sc pirate audio frequent \ m 
the modulating signal I lie fitqucncv band occupied by the transmission 
will therefore be equal to twice the highest modulation frequency If the 
wave form is distorted hv overmodulation the resultant harmonics will 
create additional side bands with consequent broadening of the trails 
mission band For this reason overmodulation is prohibited by the FCC 

Problem. A modulated power amplifier, operating at .50 pci unt efficiency, 
is deluding an output power of 270 w with 100 per cent modulation If the 
modulator rs operating at 00 pci unt efficiency wlnt is tlu power input to 
the modulator f 

Solution. 


tffiucin v 


output 

input 


(26) 
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Substituting for the power amplifier (modulated) stage, 

270 (watts output) 
input (watts) 


0.5 - 


and 


input 


270 

0.5 


540 w. 


(27) 

(28) 


Assuming the theoretical condition of n odillation of a single pure tone as 
specified above, 540 w is 1.5 time*', the unmodulated carrier power. The un¬ 
modulated carrier power input is therefore two thirds of 540 w, or 300 w, and 
the power supplied by the modulator is the remaining one third, or 180 w. 

Since the modulator is operating at 00 per cent efficiency, it is apparent that 


or 


power output 
power input . 

ofliciencN 


180 w 

power input 300 w\ 

O.fiO 


( 20 ) 

(30) 


Grid Modulation. Iu a grid-modulation .system, often called grid-bi&B 
modulation, the secondary of the 
modulator output transformer is 
conned od in series with llie grid- 
bias supply of the amplifier to be 
modulated. A typical grid-bias 
modulation system is shown in 
l^ig. 207. When the grid bias, r-f 
excitation and load circuit of the 
modulated amplifier are properly 
adjusted. 100 per cent niodula 
tion can he obtained with fairly 
high efficiency. However, the 
plate efficiency of the modulated 
stage is considerably lower than with [date modulation. This system, in 
effect, amounts to varying the grid bias at an a f rate. 

The major advantage of grid modulation is that very little a-f energy 
is required for complete" modulation. The modulator is required to 
furnish only a portion of the grid excitation losses of the modulated 
amplifier. The [lower in the side bands is obtained from the plate circuit. 
Thus, the size and expense of the a-f modulator and sj>eecli-amplifier 
equipment arc greatly reduced. 

Grid-modulated amplifiers are 0 |>erated as class C amplifiers. A linear 
dynamic E„-l v characteristic is ensured by making the jdate tank-circuit 
impedance larger than is normally required. The r-f excitation voltage, 
a-f modulating voltage, and grid-bias voltage are connected in series. 



input 

from 

modulator 

Khs. 207. (Uiil-buih modulation Obtain. 
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Consequently, the modulating voltage alternately addR to, or subtracts 
from, the grid bias, causing a corresponding variation in the plate-current 
pulses. On modulation peaks, with 100 per cent modulation, the stage 
operates as a class R amplifier. When unmodulated, the mode of operation 
changes to that of an underexcited class 0 amplifier. Because of the low 
plate-circuit efficiency and the difficulty of securing linear operation, 
grid modulation is not so widely used as would be expected from its 
economy. 

Most plate-modulated amplifiers are customarily operated as class C 
amplifiers. Despite the fact that a modulated signal cannot be amplified 
by a class (' amplifier without distortion, as shown in Fig. 191, a class 0 
amplifier can itself be modulated without distortion. This is due to the 
fact that the mode of operation varies from class C to class B when a 
modulating signal is present. The modulating voltage is superimposed 
upon the plate \oltage, and the plate voltage therefore rises and falls 
with the modulating frequency. This amounts to shifting the operating 
point of the tube along the E„ l v dynamic characteristic, with the result 
that the mode of operation varies between class B and class (\ depending 
upon the amount of modulation. The advantage lies in the fact that with 
low levels of modulation the power consumed is small with resultant 
high [date circuit power efficiency. 

The same is true for grid-modulated class C 1 amplifiers, (lass C 1 grid 
modulation is depicted graphically m Fig. 20!). The difference between 
the excitation wave form shown and that of a modulated carrier frequency 
should be noted. The modulating a-f voltage has the effect of varying 
the effective grid bias, which amountb to varying the operating point 

Km, JOS Western Eloitin 1,000 u Innadi list transmitti i Thu Doherty linear 
fnuil uinphlioi is grid hia* modulated mill opeintfid ut m plain oflnmiu^ nf upprosuiimtely 
60 poi < nut Tulws are idonlitjod in the* list below (( outltny oj M-rs urn Elective 
('o , /mi ) 


ih s nmtifwn 

(Wi A ambit 
of 'L ubt 

DatgmUton 

tWe A utnbe t 
of Tubt 

VI 

VV.E 247 V 

V6A 

\v.i: 

331A 

VIA 

W K 34.1IA 

\ 7\ 

W E 

331A 

V2A 

w.k ar.o\ 

VS A 

W E 

3 40 A 

V3A 

W.K 3 111 A 

V 9 1 A 

WE 

350A 

V 4.1 V 

W.E 357A 

\92A 

\\ E. 

350A 

\4 2A* 

WK 3.57A" 

VB 3 A 

W E. 

350A 

\:» 1A 

W E. 357A 

VH 4A 

W T E 

350A 

V5.2A* 

W\E 357A* 




Tho follow mg tubes nro used roctifim (not shown) 



\ 10 V 

W.E 301A 

V13A 

WE 

24011 

V 11A 

W.K 2671-1 

V 14A 

W.E 

24913 

VI2 V 

W.E 26711 





* Tulws \4 2A und V5 2A arc- not provided for the 442A J radio transmitting 
equipment. 
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of the tube along the dynamic E n -I fl characteristic at an a f rate Despite 
the fact that the plate circuit efhcienc\ of grid modulated amplifiers is 
low in cnmpaiibon with other types of modulation, the plate efficiency of 
a gnd modulated class C amplifier is considerably highei than any other 
class ol amplifier similarly modulated 
The Doherty High-efficiency Amplifier. The major function of a 
transmitter power amplifier is to develop as much power output as 



possible In amplifiers following tlu modulated stage whcie disloitionless 
amplification is required linear operation of the amplifier is obtained at 
the sacnfiec of consider ible plate power efficiency \ special linear 
amplifier developed by W H Doherty is shown m Fig 210 Efficiencies 
appioachmg those of class (' unmodulated amplifiers are possible with 
this circuit with linear operation The I)ohert\ high efficiency linear 
amplifier has recently had wide application in modem broadcast tians 
mitters and is often used as a grid modulated amplifier 

The Doherty amplifier utilizes two tubes Tube 1 1 (Fig 210) delivers 
its output to the load through an artificial line equivalent to a quarter 
wave transmission line Tube 1 2 deliveis itb output directly to the load 
»Smce a phase shift of 90 occurs m the artificial line a compensating 
phase shift of 90 is provided m the input circuit of one of the tubes to 
permit the outputs of the two tulies to add 
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Tube V z is so biased that only exciting voltages in excess of the normal 
carrier amplitude are amplified by it. \\ operates as an ordinary linear 
amplifier whose output voltage is proportional to the excitation voltage. 
When the exciting voltage exceeds the carrier amplitude, both tubes 
supply energy to the load. This causes the equivalent impedance of the 
load end of the artificial line to be increased. The impedance of the 
sending end of a quarter-wave transmission line is equal to Z 2 )Z L (see 
(Imp. XV), where Z is the characteristic impedance of the line, and Z L 
is the equivalent load impedanc" at the receiving end of the line. Con¬ 
sequently, when both tubes art' delivering energy to the load, the 
impedance presented by the sending end of the line to the plate of tube 
Vi is decreased. Tube V 1 is thereby enabled to deliver more output power 


Phase - Artificial 



with the same a-c plate component. The amplification is substantially 
linear, and the over-all plate efficiency is high, normally exceeding HO 
]K»r cent. 

FREQCEXi'Y MODI'LATJOX 

Instead of varying the amplitude ot the carrier frequency wave, it is 
possible to transmit intelligence by varying the frequency of the radiated 
carrier and maintaining the amplitude constant. The reader is referred to 
Chap. XII for a discussion of the nature of a frequency-modulated wave. 

The simplest way to produee a frequency-modulated wave is to vary 
the capacitance of the transmitter-oscillator tuned circuit. An auxiliary 
condenser may be employed for this puipose. One plate of the capacitor 
is a thin diaphragm which is vibrated by a-f currents in much the same 
maimer as a telephone receiver (see Chap. XIV). The resultant variation 
in capacitance causes the frequency of the oscillator tank circuit to vary 
in accordance with the a-f currents. In high-]>ower oscillators, the 
capacitor-diaphragm mechanism is placed in an evacuated chamber to 
facilitate handling of high voltages. 

The variable-impedance characteristic of an eighth-wave transmission 
line has also been used as a method of frequency-modulating a trans¬ 
mitter. If the transmission line is one-eighth wave length long, the 


insulated 
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ending-end Teactanee varies with the resistance of the receiving end. 
The plate resistance of a tube is employed to provide the receiving-end 
resistance. When an a-f signal is impressed upon the tube grid, the varying 
plate resistance causes the sending end reactance also to vary in accord¬ 
ance with the a-f signal voltage. This varying reactance is made a part 
of the transmitter-oscillator tank circuit, which is thereby caused to vary 
in frequency. 

A similar method of frequency modulation utilizes an inductance, 
capacitance, and resistance in parallel inductively coupled to the 
frequency-controlling circuit of a self-excited oscillator. Variations in the 
parallel resistance reflect reactance and resistance changes in the oscillator 
inductance and thereby cause the oscillator frequency to vary. The 

Oscillator 

Output 


-Bwts+ 

Ku. 212 Hpnrtnuoe-v .11 mtinn (104110111 \ modulation s t >slnm 

variable parallel resistance is supplied In the plate circuit of a vacuum 
tube, the input circuit of winch is connected to tlic a-f modulating signal. 
Variations in tube plate resistance are accentuated by an additional 
resistance in the plate circuit. The simplified circuit is shown in Fig. 212. 

In the Armstrong method of frequency modulation, the current from 
a relatively low frequency crystal controlled oscillator is phase-shifted. 
This phase shift represents a linear but ver\ small frequency change that 
must be multiplied through a series of frequency doublers to produce the 
required frequency change in the radiated wave. In a typical system, an 
initial frequency of 200 kc is multiplied through a scries of six doublers 
to 12.8 megacycles, where it is heterodyned down by a second crystal- 
controlled oscillator to a frequency one forty-eighth of the frequency to 
be radiated. For the 40-megac\cle band, this frequency is of the order 
of 000 kc, which is then multiplied h\ four doublers and a tripler up to 
the 40-megacycle band. 

Another method of frequency modulation makes use of the fact that 
the plate circuit of a lube will appear to lie a reactance if some of the 
plate voltage is fed back to the grid through a phase-shifting circuit. 
The plate would present a capacitive reactance, for instance, if the phase- 
shifting circuit caused the grid voltage to lag the plate voltage by 90°. 
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The magnitude of the reactance vanes with the gam of the tube The 
frequency modulated oscillator uses a variable mu tube as part of the 
capacitance m the tuned circuit \n a f voltage applied as a bias to the 
tube causes variations in the gam of the tube and hence, in the frequency 
of the oscillations 



Flu -Ml The >0 (100 w fill'll unpliluj of i froquiu\ modui ition luoulcfist trans 
znittei operating on ulti dngU frtquoiiLus .Note the IiijiC (onnoctiona to the watei cooled 
tube* In addition to tlu v> itw moling f uilitn^ tin tul»es tm jumidod with in bins! on 
then end mmIs (C uuihstf of haht I h jinrinurf I aboiotoru s Inc) 

TR iNSMITTER EMISSION CLAXE1 VIC 4TI0NJS 

The emission ot various tvpes uf radio tiansmitteis has been classified 
according to mtemational law The classihcations are based on the 
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purpose for which the wave is used and apply only to amplitude-keyed 
or amplitude-modulated signals. The wavo forms for the various classifi¬ 
cations are shown in Fig. 216. The classifications are as follows: 

Type AO. In this classification are waves that have successive oscilla¬ 
tions which arc identical under fixed conditions. An unmodulated carrier 
wave would fall in this group. 

Type A 1. Telegraphy on pure continuous wave constitutes type Al 



I'll 21 1 l lust' up MOW ot o()-kw (UIII)llhHl pldto (XI (Ult. lhl dilttiJHUl l UUpLmtf 
iniluttaiKo tonsist- ol u siiiplo liaiipm turn o[ \uro of Jturito Liigintering 

Lahoinluru s, In< ) 

emission. A type AO earner that is broken up or keyed, according to a 
telegraphic code is type Al emission. 

Type A2. Modulated telegraphy constitutes type A2. A ke>ed carrier 
wave modulated either by chopper or some other means at an audio 
frequent*} constitutes A2 emission. 

Type All. Radiotclcphonv (amplitude-modulated) constitutes Aft 
emission. This classification describes the wave form that results when a 
constant carrier is modulated by audio frequencies corresponding to 
voice, music, or other sounds. 

Type A4. The signal produced b\ facsimile transmission comprises 
type A4. The reader is referred to Ohap. XIX. Type A4 emission refers 
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to the wave foini that lesults fiom the modulation of a tamer wave by 
frequencies produced at the time of the canning of a fixed unage with a 
view to its lepioduction in a permanent form 



lit 21) llu 1 i.OOO \ rtM liliti unit uhith supplmil phti pmiu r to tho >0 k\* amplifier 

of Pip 213 {( out ttvtj oj Ra ho L uy nun m i Lab >i atoms Jut) 


Type A r i The signal piodmed b\ a television tiansmittei (see ( hap 
XIX) foims t>pe A i The wa\o foim lesultmg fioin the modulation of a 
camei wa\e b\ frequencies pioduccd at the time of the scanning of fixed 
or moving objects is included in tyjie A5 emission 

Type B T^pe B emission comprises the wa^ form of a radiation 
composed of successive senes of oscillations the amplitudes of which, 
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SOUND CONVERSION 


Tiie conversion of energy in the form of sound waves to electric energy, 
and vice versa, forms an important ojieration in numerous types of radio 
equipment, both transmitting and receiving. In transmitting systems, 
sound-wave energy is converted into electric energy by means of micro¬ 
phones. By means of the familiar electrical transcriptions, or phonograph 
records, sound waves arc utilized to cut indentations, or tracks, in a 
plastic substance to form a permanent record of the sound-wave vibra 
tions. By the use of a pickup had , these recordings can be made to supply 
electric energy coitch ponding to the original sound waves, which can be 
Amplified and reconverted to sound waves or utilized to modulute a radio 
transmitter. 

hi receiving s\stems, electric energy in the form of a-f alternating 
currents is converter! into sound by means of telephone receivers or loud¬ 
speakers. 

Sound is essentially vibratory in origin. Anything that can be made 
to vibrate physically w ill set up sound waves in the surrounding medium. 
If the vibrations occur at nu audio frequency, that is, at a rate within 
the range to which the human ear is sensitive, the resulting sound waves 
will be heard. Many forms of vibrations set up sound w T aves that are 
beyond the range of the human ear and. hence, are unheard. Nevertheless, 
these sound waves do exist and are often picked up by sound conversion 
devices, such as microphones, that aie more sensitive to certain frequencies 
than is the human ear. Such sound waves, therefore, often create electric 
energy (through conversion devices) that results in apparently poor 
fidelity from this unsuspected source. 

CONVERTING HOC HD INTO ELECTRIC ENERGY 

The Microphone Diaphragm. All forms of microphone depend for 
their operation upon a diaphragm of metal that vibrates when sound 
waves impinge upon it. Since sound waves are vibratory in origin, they 
will, if strong enough, set up u physical vibration in any object that is 
free to vibrate. 

If a tin pan is struck with u hammer, a loud sound results. The sound 
emanating from this source is caused b} sound waves set up by the 
vibration of the tin pan as a result of the blow. The frequency of the 

367 
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sound waves depends upon the physical dimensions of the pan, since this 
determines the period of the vibrations, that is, the length of time required 
to complete one vibration. The volume of the sound is a function of the 
amplitude of the vibrations, which in turn, depends upon the force with 
which the hammer strikes the pan. 

If another tin pan of the same dimensions is in the vicinity of the 
original pan, sympathetic vibrations will be set up in this pan, and if one 
listens very closely, a sound will be heard emanating from this second 
pan which has the same tone as the sound from the first pan. Since their 
dimensions are identical, both pans have the same resonant, or natural, 
period of vibration. The second pan is therefore free to vibrate at the 
same frequency as the first pan, the energy causing the vibration being 
supplied by the sound waves striking the second pan. The amplitude of 
the vibrations will depend upon the strength of the sound waves striking 
the second pan and will therefore be greater as the second pan is moved 
closer to the first. 

If the second pan is so mounted, or suspended, that it vibrates very 
easily and freely, it will be found that it can be caused to vibrate inde¬ 
pendent of the frequency of the original sound waves. Thus, a pan having 
dimensions that differ from the originaJ, or struck, pan, will vibrate at 
the same frequency as the sound waves striking it. if so mounted. How¬ 
ever, it will be found that the vibrations are greatest in amplitude when 
the two pans have the same natural period, that is, when their dimensions 
are identical. 

Prom the above, it can be seen that the amplitude of sympathetic 
vibrations in the second pan is a direct function of the amplitude of 
vibrations of the first pan, except for one special case where two pans 
have identical physical dimensions and hence identical natural jieriods of 
vibration. In this case, the amplitude of the vibrations of the second 
pan are much greater. 

If a lliin metal disk is so dimensioned that its natural period of 
vibration does not correspond witli any frequency within the a-f range, 
vibrations set up in it by sound waves will bo essentially directly pro¬ 
portional to the amplitude of the sound waves, that is, the volume of 
the sounds. Such a metal disk when mounted so that it can vibrate very 
easily and freely is called a diaphragm, 

"''The Carbon Microphone. The most elementary form of microphone 
is the carbon microphone. In it, a diaphragm is arranged so that it bears 
against a quantity of carbon granules in a small cylindrical container 
called the microphone button. A drawing of an elementary carbon 
microphone is shown in Pig. 217. The contact resistance between the 
various granules of carbon varies with the pressure exerted upon them, 
since this pressure determines the extent of contact. The button is an 
insulation material with electrodes at each end. In many types, the 
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Diaphragm —m 



—Insulated housing 
Carbon granules 


Carbon button 


Kiu 217 V Vn^truction of elementary 

button trillion inn loplione 


diaphragm forms one electrode, or terminal. The conducting path between 
the electrodes depends upon the total resistance of the carbon granules. 
As the diaphragm vibrates because of the impingement of sound waves 
upon it, pressure is alternately impressed upon and removed from the 
granules. As a result, the 
resistance between the elec¬ 
trodes of the button varies at 
a rate corresponding to the 
frequency of the diaphragm 
vibrations The extent of this 
resistance variation depends 
upon the difference in pres 
sures exerted upon the gran 
ules; that is, it is determined 
by the ampliituh of the dia 
phragm vibrations. If the 
carbon button is connected 
in series with a battery, the 
direct current that flows will vary in amplitude m proportion to the 
volume of sound Teaching the microphone and at a rate corresponding 
to the frequency (or tone) of the sound waves. 

This varying direct current is applied to the piiinarj 7 of a transformer. 

The alternating voltage resulting 
across the secondary is applied to an 
a f ampliiier of conventional design. 
The alternating voltage is thereby 
amplified until sufficient voltage is 
developed to drive a power amplifier 
and loudspeaker (in the cose of a 
public address system), to supply 
modulation to a transmitter, and so 

Oil 

An improved type of microphone, 
shown in elementary form in Fig. 218, 
utilizes /ww carbon-granule buttons 
and is called a double-button carbon 
microphone. A movement of the dia¬ 
phragm in a given direction causes a 
compression of the granules in one butlon and a simultaneous expansion 
of the granules in the other button. Consequently, as the resistance of 
one button decreases, the resistance of the other button increases. This 
condition permits connecting the two buttons in the push-pull arrange¬ 
ment shown m the diagram with resultant greater sensitivity and output. 

The microphones used in ordinary telephone communicating systems 



Kn. 21K (\nistmrtiim of olomontnry 
double button ouhoii mu t upborn 
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are of the single-button carbon type. In such usage they are commonly 
called tr ansmi tters, but the term microphone is preferred in radio work 
in order to avoid confusion with other types of transmitters. 

The carbon microphone is seldom used in broadcast stations, public- 
address systems, or other radiotelephone work where fidelity is important, 
owing, in part, to the comparatively poor over-all frequency response 

and to the steady background 
hiss that such units develop. 
The background hiss results 
from unavoidable random 
changes in resistance of the 
carbon granules. The later 
types of microphones, which 
are discussed below, although 
they have much lower sen¬ 
sitivity than the carbon 
microphone, have a much 
improved frequency response with cun-espoiidingly greater fidelity. 
(Wbo nmic rop h ones are used in police and amateur radio systems where 
sensitivity is of greater importance than fidelity, since only speech is 
transmitted*. 



S Movable stretched diaphragm 

Via 


- Fixed Plate 


To circuit 


Fn*. 219 Fuu 1 1 ament h l piiijciplc of i a] mi ilm 
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*^he Condenser or Capacitor Microphone. The construction»l details of 
ail elementary condenser or capacitor microphone are shown in Fig 210. 
The diaphiagm m this type of 

microphone acts as one plate of _||_ 

a capacitor, the other plate of 
which is fixed. The diaphragm 
is usually’ constructed of an 
aluminum alloy about 0.001 in 
ill thickness, which is tightly 
stretched to avoid mechanical 
resonances (natural |K*riods of 
vibration) at undesiied frequencies. A d-c end ot several hundred volts 
is applied through a suitable resistor across the capacitor plates. The 
movement of the diaphragm as it vibrates at an audio frequency causes 
corresponding changes in the capacitance of the capacitor. These alter 
the charge of the capacitor and the consequent current flowing through 
the series resist or. The 1H dm]) across this resistor therefore varies in 
accordance with the sound w r aves impinging upon tin* diaphragm. This 
voltage is applied to the grid circuit of an amplifier. 

The spacing between the diaphragm and the fixed plate of the capacitor 
is made as small as possible, with the result that the capacitance change 
caused by movement of the diaphragm becomes an appreciable portion 
of the total capacitance of the condenser. Spacing of 0.001 in. is made 
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possible at the voltages employed by sealing the spai»e between the plates 
from the outside air to keep out dust and dirt. 

The capacitor.jEterophone is a high-impedanc^ device and may be 
coupled directly to the input circuit of the first amplifier stage as shown 
in Fig. 220. The capacitance shunted across the microphone should be 
made as small as possible by proper arrangement of the circuit leads and 
selection of the pro]>er tube. The 
smaller the total input-circuit capaci¬ 
tance. the greater the portion of the 
total capacity that is represented by 
a given eliange in the microphone 
capacitance, resulting m greater 
efficiency. 

The capacitor microphone lias a 
very good frequency response charac¬ 
teristic but relatively low sensitivity. 

In order to maintain low input - 
circuit capacitance and to avoid stray 
capacitance pickup, it is necessary 
to place the iirst amplifier tube as 
close to the microphone as possible. 

The usual practice is to place the 
amplifier tube immediately adjacent 
to the microphone right on the micro 
plume stand. 

lie cause of its excellent frequency 
response, the capacitor microphone 
was at one time widely used in 
broadcast stations and public address 
systems. However, it has been largely 
replaced by later types for these 
applications, and its principal use at present i* in making sound measure 
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ments,. 

u/The Moving-Coil Microphone. The moving-coil microphone has con¬ 
siderably greater sensitivity than a capacil )r-tvpe microphone of 
equivalent frequency-response characteristics. A moving-coil microphone 
(Fig. 221), also called the dynamic microphone, utilizes a diaphragm of 
nnnngid material to which is rigidly attached of a number of turns. 
Excellent l-f response is achieved because of the large displacement 
possible with the nonrigid diaphragm. 

The coil is arranged to pass between the ]wiles of a ]K)wcrful cobalt- 
steel permanent magnet. As the coil mo\es with the diaphragm in 
response to sound waves, the magnetic lines of force between the magnetic 
poles are cut, causing a current to he induced in the coil. The clearance 



372 


RADIO TECHNOLOGY 


between the coil and the magnetic poles is kept as smalj as possible in 
order to provide a magnetic field of maximum intensity. The coil current 
varies in frequency and amplitude in accordance with the diaphragm 
movement. / 

In order to provide good h-f response, the entire movable portion of 
the microphone must be as light in Height as possible. For this reason, 
the coil is usually constructed of thin insulated aluminum r ibbon instead 
of copper wire. 

In addition to the good sensitivity and excellent frequency response, 
the moving-coil microphone has the added advantage of low-impedance 
output. This characteristic permits the vse of long cables between 
microphone and first amplifier without adverse pickup or frequency- 
response variation. In order to keep stray pickup at an absolute minimum, 

it is customary to use twisted-pair cable 
having a w'cll-grounded shield. 

The Ribbon Microphone. The ribbon 
microphone is essentially a special form 
of moving-coil microphone inasmuch as 
electromagnetic induction is responsible 
for the emf developed. Figure 222 illus¬ 
trates the constructional details A small 
Hat piece of aluminum-alloy foil is sus 
pended between the pole pieces of a 
powerful permanent magnet. The spacing 
between ribbon and pole pieces is maintained as small as possible 
without interfering with the freedom of vibration. Unlike the arrange¬ 
ment in other types of nneioplioiies, both of the fiat surfaces of the 
ribbon are exposed to the sound waves. The amplitude of ribbon 
vibratiou is therefore a function of the difference in sound pressure 
exerted on the front and back of the ribbon. When the distance between 
the two sides of the ribbon is appreciably less than a quarter wave length, 
the ribbon variation is directly proportional to the frequency and to the 
difference of pressure in sound waves between the two sides of the ribbon. 
Since the difference of souuci-wave pressure is a function of the wave 
velocity, this type of microphone is often called a velocity microphone. 
By projier choice of ribbon dimensions, undesirable physical resonances 
are avoided. 

By cutting away portions of the pole pieces, the distance between the 
front and back of the ribbon can be kept shorter than a quarter wave 
length at any of the frequencies that it is desired to use. As a result, 
uniform frequency response to beyond 10.000 c is possible with this type 
of microphone. Since the velocity of sound waves in air is approximately 
1,100 ft per Becond, it is apparent that the distance between the front 
and back of the ribbon must be kept less than approximately tIS in. to 
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provide the above response. This distance corresponds roughly to a 
quarter wave length at 10,000 c 

The velocity microphone has the disadvantage of overemphasized 1-f 
response when placed too close to the sound source. ThiB, however, is 
practical^ the only disadvantage. It has the overwhelming advan¬ 
tage over other microphones 
of extremely good frequency 
response, in addition to sim¬ 
plicity and low output im¬ 
pedance with attendant coup¬ 
ling advantages. 

One of the major advantages 
of the ribbon microphone for 
certain types of work is the 
pronounced directional charac 
teristic. Since the microphone 
depends for its operation upon 
the difference in sound pressure 
between the two sides of the 
ribbon, it is obvious that 
this difference in pressure is 
greatest when the sound is directed at right angles to the plane of the 
ribbon. Sound directed in the microphone in the plane of the ribbon 
reaches both sides of the ribbon at the same instant, producing no 
pressure differential. The approximate directional characteristics are 
shown in Fig 223. 

The Crystal Microphone. The piezoelectric effect of certain crystalline 
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substances has already been discussed in limp. AI. This effect in 
Rochelle salt crystals is utilized to transform mechanical stresses produced 
in the crystal by sound waves into electric energy. Perhaps the most 
successful type of crystal microphone consists of two Rochelle salt slabs 
arranged as shown in Fig. 224. This arrangement of crystals is known as 
a bimorph element and reduces the effect of tenqierature changes upon 
the crystals to a minimum. 

When sound pressure is exerted on the coni(*al diaphragm, the trans¬ 
mission of the pressure to the crystals causes a curvature of the crystals 
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in opposite directions because of the manner in which they are cut. This 
double curvature causes an emf to be developed across the crystals that 
is in direct proportion to the frequency of the sound wave. Substantially 
uniform frequency response is obtained with this type of microphone 
up to 15,000 c. The electrical output is very small hut is usually increased 
in commercial microphones by connecting several crystal units in series 
within a single microphone standard. By making the entire crystal 
sound*coll assembly physically small, the natural period of the unit is 
made higher than any frequency that it is desired to reproduce, and 
physical resonances are avoided. 

The Electrical Transcription, An important form of sound-conversion 
device is the electrical transcription, or recording. By means of such 
transcriptions it is possible to make permanent records of an aural 
sequence, sxich as a radio broadcast program. The program can then be 
reconverted from the record to sound any number of times. 

Broadcast-station sponsors often have commercial radio programs 
recorded. A number of records are made from the original, or master, 
recording. These records are then distributed to various radio stutious 
for broadcasting purposes. This system has the advantage over chain 
broadcasting of avoiding the expensive telephone line charges entailed 
in a chain network. Such recorded programs, however, cannot be broad¬ 
cast simultaneous! \ with the original program, and. hence, the\ are not 
used where a program has a time utility. such as news broadcasts and 
sports events. 

Commercial recording is accomplished In amplifying the output of 
one or more microphones used to pick up the sound waves. The output 
of the amplifier is fed into a cutting hvnd In commercial applications 
cutting heads are of two general types electromagnetic and crystal 
and operate to convert the electric energy from the amplifier into mechan¬ 
ical motion of a needle, called the stylus. The stylus point is made of a 
very hard material, usually diamond or sapphire, to eliminate wear. 
The mechanical vibrations of the stilus occur in accordance with the 
frequency of the electrical energy fed to the cutting bead and are utilized 
to cut corresponding grooves in circular disks of plastic composition 
called records. The records used for original commercial recordings are 
composed of w r a.\ or commercial nitrocellulose. 

The soft wax or plastic record is made electrically conductive by 
spreading a hi>er of extremely tine conducting powder, such as graphite, 
over its surface and is then electroplated. After a series of operations, a 
metal mold, or stamper, is produced from the original electroplated disk. 
From the stamper, the finished records are pressed out of plastic material. 
This material, when it lias hardened, can he used for a great number of 
reproductions. From a single stamper, it is possible to obtain as many 
as 1,000 finished pressings. 



SOUND CONVERSION 


375 


The final records are utilized to reproduce electric energy correspondi ng 
with the original sound waves by meaiiH of a pickup head. Commercial 
pickups are of two types, electromagnetic and crystal, and perform the 
reverse function of the cutting head. When the record is rotated by 
means of a turntable, a stylus that is made to track in the record grooveB 
is caused to vibrate by the groove undulations. These mechanical vibra¬ 
tions of the stylus are converted into electric energy of corresponding 
frequency by the pickup in much the same manner as the vibration of a 
diaphragm is converted into electric energy by a microphone. 

Recording. Commercial recording equipment consists of two major 
components, the turntable with associated feed mechanism and the 
cutting head The turntable actually consists of a miniature lathe 
designed to rotate the record at a uniform speed and to provide constant 
radial movement of the cutting head. Recordings an 4 made at standard 
speeds of 33 J or 78rpm. The radial movement of the cutting head is 
usually accomplished by means oi a threaded shaft mu pled to the turn¬ 
table driving motor. As a result, the stilus cuts a spiral groove in the 
record and prevents adjacent grooves from ovcrla|)ping. With some 
systems, the cutting is started near the outer edge, or perimeter, and 
moves inward toward the center. Other systems start cutting near the 
center and work outwaid to the perimeter 

There are two methods of cutting records, namely, lateral cutting and 
vertical cutting. In lateral cutting the undulations are cut in the aides 
of the grooves In vertical cutting, the undulations are cut vertically in 
the center of the groove Only one typo of record the lateral-cut record, 
is in general use today, and tins type will be discussed here. 

The grooves in a disk record are usually spuml about 33 per inch. 
This allows a spacing ot O.Ollin. from center to center of adjacent 
grooves, of which 0 OUfi in. is the width of the groove itself This limits 
the maximum lateral displacement of the stylus to 0 0035 in., and in 
general a lateral motion ot 0 002 in. is maintained. 

Lateral recordings may be made in either of 1 wo w ay s ■ bv the constant- 
amplitudc system or by the con slant-velocity system. 

Ln constant amplitude recording, constant sound level for all frequencies 
at the microphone (assuming an over-all uniform frequency -response 
characteristic up to the cutting head) is represented by constant amplitude 
of the grooves cut in the record, that is, all recorded frequencies have the 
same amplitude. 

In constant-velocity recording, constant sound level under the same 
conditions is not represented by constant amplitude of the record grooves, 
but by constant vibrational velocity In this case 

velocity 
frequency 


amplitude 
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Since the velocity is constant, it follows that the amplitude is inversely 
proportional to the frequency. 

Wave patterns which represent groove undulations for both types of 
recordings are shown in Fig. 225. For purposes of illustration, these 
patterns are shown with progressively increasing frequency. In the 



Fit, 225. Wti\o pnltrms tm leumting <oiist«uit amplitude \s mnstant '\olocit>. 
{Courtesy of finish Jhvthpnu Hi Co ) 


constant-amplitude pattern it will be noted that for a constant sound 
level the amplitude is constant, regardless of frequency. In the constant- 
velocity pattern, it can be seen that for constant sound level the amplitude 
increases as the frequency decreases A frequency of 100 c in this system 
will have twice the amplitude of a frequency of 200 c. 

Since this would necessitate excessive amplitudes at the lowest fre* 
quencies to obtain sufficient amplitudes at the higher frequencies during 
recording, and since these excessive amplitudes would severely limit the 
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number of grooves that could be recorded without crossover or echo 
effect, commercial constant-velocity records are cut with constant 
amplitude below 350 c and constant velocity above 350 c. This is indicated 
in Fig. 225. The critical frequency (350 c) is referred to as the turnover 
point. 

In the electromagnetic type of cutting head, the a-f alternating current 
from the amplifier output is applied to the coil of an electromagnet. 
Between the poles of the electromagnet, as shown in Fig. 226, an iron 
armature is mounted on a pivot so 
that it is free to vibrate. The 
cutting stylus is rigidly attached 
to the armature. The vibration of 
the armature, and hence of the 
stylus, varies in frequency and 
amplitude in accordance with the 
alternating current flow ing through 
the magnel windings The dam}) 
ing block shown in the diagram 
acts to dampen, or decrease, excess 
vibration due to inertia of the 
armature and reduces the effect 
of mechanical resonances. Since 
the wax disk material offers very 
little opposition (o the movement 
of the stylus, the damping block 
also ads io increase the load on 
the cutting head and brings the unit up to its proper terminal 
impedance. 

The crystal cutting head utilizes the piezoelectric effect of Rochelle- 
salt crystals to convert a-f alternating current to mechanical motion. 
When the emf is applied across the crystal, mechanical expansion and 
contraction of the crystal take place, which vary witli the polarity and 
hence with the frequency of the applied emf. The crystal element is 
rigidly coupled to the cutting stylus, thus imparting a corresponding 
motion to the stylus. Some commercial units utilize four-ply crystal 
elements which actuate the cutting stylus through a stiff driving linkage 
and rocker-arm assembly. Because of the leverage obtained through the 
rocker-arm pivot assembly, a four-to-one step-up ratio in movement is 
obtained as measured from the crystal element to the stylus tip. Crystal 
eutting heads are characterized by uniform frequency response up to 
10,000 c. 

The Reproducer or Pickup Head. The process of the reproduction of a 
recording performed by the pickup head is the reverse of that of the cut¬ 
ting head; that is, it consists of converting the mechanical movements 
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of the pickup stylus into electric energy of corresponding character. 
The movement of the stylus is caused, of course, by allowing it to bear 
with slight pressure against the undulated grooves of the record which 
is rotated by means of a turntable. 

The operation of the electromagnetic pickup is the reverse function of 
the principle of operation of the electromagnetic cutting head. The 
general constructional detail is also the same so far as elementary 
principles arc concerned. The pickup stylus is rigidly attached to a 
movable pivoted iron armature, which is suspended between the pole 
pieces of a permanent magnet having an electromagnetic winding, or 
coil. The movement imparted to the armature by the stylus results in 
\arying the linos of force of the magnetic field. An emf is thereby induced 
in the coil winch is amplified in the same manner as the output of a 
microphone. The frequency and amplitude of the induced emf are 
functions of the armature and stylus movement. 

The crystal pickup head utilizes a himorph crystal element that is 
essentially similar to that of the crystal microphone. The pickup stylus 
is rigidly attached to the crystal element in such a manner that the 
movement imparted to it by the undulated record grooves varies the 
pressure exerted on the Imnorph element The output of this unit is 
consequently not subject to the ellects of mechanical inertia, and for this 
reason the unit is often called an astatic pickup. The term indicates that 
the pickup as a body is 111 neutral equilibrium and hence has no tendency 
toward any change m position with resultant effects oil the electrical 
output. The alternate compression and expansion to which the bimorph 
elcmen|t is subjected by the movement ol the stylus produce an eiuf 
acme- the element. The frequency and amplitude of this emf are essenti¬ 
ally directly propoitionai to the 1 frequency and amplitude of the stylus 
dhffcpln cements. 

/The crystal bimoiph element is healed m a moistureproof cartridge. 
Pickup heads of this type are sensitive instruments and should uot lie 
subjected to rough usage Any hC\ere mechanical shock, such as would 
result from dropping the pickup arm or allowing the stylus point to hit 
the edge of the turntable, can permanently damage the unit. Jt is also 
important not to subject crystal pickup heads to temperatures in excess 
of 120 to 125° F. Such temperatures, particularly over a period of 
soveral hours, may seriously damage the mstal element. 

Most types of recording and reproducing systems require the use of 
equalization networks to provide substantially linear output. Such 
equalizers are discussed in the section on studio apparatus in Chap. 
XVI11 and y\ill not be enlarged upon here. Although the use of an equal¬ 
izer ensures higher fidelity, there are instances where it is desirable to 
alter the frequency response to suit particular conditions. For example, 
iu reproducing commercial recordings, it is often desirable to omit the 
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equalizer in order to accentuate the bass frequencies. Omission of the 
equalizer is esjH'cially preferred in situations where records are reproduced 
at levels considerably below those of the natural sounds as heard in the 
studio. Here the bass frequencies as heard by the human ear appear to 
be attenuated considerably more than the middle-range frequencies. 

In cases where such a bass boost would be too great, but where complete 
equalization for commercial constant-velocity records to obtain a flat 
response is not preferred, a suitable tone control may be added to the 
equalizer network. Often it is desirable to replace an equalizer with other 
high-impedance equalizers to obtain particular results. Although it may 
be desirable to accentuate the high frequencies, this procedure is not 
reeommended, since it increases the background noises of the usual 
record. Scratch biters utilized to filter out record background noise are 
discussed in (Imp. XVI11. This background noise, sometimes called 
surface noise, is relatively more pronounced in the higher frequenciesi 
It is produced principally by tiny irregularities, abrasives, dirt, and ho 
on, which affect the recording stylus. 

The pickup-head position with respect to the turntable is veiw import¬ 
ant, since this directly affects the lateral displacement of the stylus. 
The pickup should be mounted in such a manner tlial the stylus extends 
g in. beyond the center of the turntable, as shown in Fig. 227, In the 
case of a crystal pickup, the underside of the pickup arm should be jj in. 
above the turntable, with the stylus resting in the groove. 

Wire Recorders. Another sy stem of recording and reproducing sound 
which was popularized during World War II is “wire recording.” Wire 
recording consists of magnetic recording on .steel w ire and taj>e. Although 
only recently developed in this country, Ihc magnetic recorder was in¬ 
vented in I NON by a Dane, Valdeinar Poulscn. Attention was focused oil 
the principle of magnetic recording in the ITiited States by the military 
requirement for a recorder which could l>e operated tilled in any position, 
which could sustain severe vibration while operating, and which would 
provide recoids which w r ere relatively noiidestruetible and required no 
processing after recording. 

The magnetic recorder utilizes the audio frequency current output of' 
a conventional amplifier having a microphone input to create a con¬ 
centrated magnetic field through which the steel wire or tape is passed. 
As the steel wire passes through this lield it becomes magnetized in much 
the same way that a solenoid magnetizes an iron armature. In this case, 
however, the wire is steel and lienee retains its magnetism indefinitely 
after it has passed beyond the influence of the magnetizing field. In 
laboratory tests wire recordings have been played back over 100,000 
times with a loss in sound level of only 4.o db. 

The degree of magnetization of the steel w 7 ire varies as a function of 
the intensity of the magnetic field at the instant of exposure. The fidelity 
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of such a system therefore depends to some extent upon the speed of 
transit of the wire. Fidelity is also a function of the axis of magnetization. 
All wire recording is longitudinal recording ; that is, the magnetizing 
force is impressed longitudinally along the wire, parallel to the direction 
of motion. Since there is no way to prevent radial displacement (twisting) 
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of a round wire during plaj back, longitudinal recording is the onlv method 
which can he used successfully with round wire. 

With steel-tape recorders, transverse and perpendicular recording can 
be used as well as longitudinal. In transverse recording, the magnetic 
force is per|)ciLdicular to the direction of motion and parallel to the face 
of the tape. In perpendicular recording, the magnetic force is i>erpendi- 
cular both to the duection of motion and to the face of the tape. 

Although tape is less subject to breakage than wire, wire is generally 
preferred because of smaller volume and weight requirements, and because 
a break can easily be spliced by tymg a simple knot. 

A complete wire-recording system consists of a microphone, a high- 
fidelity resistance-coupled amplifier, a loudspeaker, a recording head 
(which also serves as reproducer head), a demagnetizing or “erasing'" 
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coil, and the associated driving mechanism to wind the wire from one 
spool to another. During recording, the microphone is coupled to the 
input of the amplifier. The output of the amplifier is fed directly to the 
recording head. The resulting magnetization of the wire varies in accord¬ 
ance with the intensity and frequency of the sound waves that impinged 
on the microphone diaphragm. Throughout the recording process, the 
erasing coil is energized so that the wire is certain to be free of any previous 
magnetization. 

During playback, the reproducing head is coupled to the input of the 
amplifier. The output of the amplifier is fed to the loudspeaker. The 
erasing coil is de-energized. The moving magnetic fields created by the 
motion of the magnetized wiie induce corresponding audio-frequency 
currents in the reproducer windings. These amplified currents energize 
the loudspeaker, which faithfully reproduces the sound waves in the usual 
manner. 

Erasing is accomplished by energizing the erasing coil with a relatively 
high-frequency voltage, usually about 30,000 cycles, in the same manner 
as a jeweler demagnetizes a watch. This completely demagnetizes the 
wire as it passes through the erasing eoil. The high-frequency voltage is 
supplied by an oscillator tube operating from the amplifier pow T er supply. 

The wire used m a magnetic recorder need not be at all large in 
diameter to serve its purpose. In the model 50A recorder manufactured 
by the General Eleetrie Gompany, the wire is only .004 inch in diameter 
and is a specially lieat-treated steel piano wire 11,500 feet, or approxi¬ 
mately 2 miles, long. This entire spool weighs only half a pound and is 
good for over one hour of continuous recording. 

During recording or playback, the take-up spool of a wire recorder 
is driven at constant speed, resulting in a gradual increase in the 
linear velocity of the wire past the recording head, due to the build-up 
of the wire on the spool. This speed-up is somewhat similar to the varia¬ 
tion of the record-track velocity relative to the stylus in a conventional 
disk recorder as the stylus progresses from the perimeter of the disk to 
the innermost groove. However, in a wire recorder, this variation in 
velocity is of much smaller magnitude than in a disk recorder. In the 
General Electric recorder previously mentioned, the linear velocity of the 
wire varies only ±7 percent from the nominal velocity of 2.9 ft/sec during 
an hour's recording. By wuy of comparison, the track-to-stylus velocity 
of the average disk recorder varies as much as ±50 percent from its 
nominal velocity during only 5 minutes of recording (12 inch record). 

Since the magnetization curve for iron exhibits considerable curvature 
near its origin, direct magnetization of the wire by audio-frequency 
currents would result in considerable distortion. In some recorders this 
difficulty is overcome by first saturating the steel wire with a d-c field 
before applying the audio-frequency field. This has the effect of utilizing 
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the flat, or linear, portion of the hysteresis loop, in much the same manner 
that the proper bias voltage permits utilization of the linear j>ortion of a 
vacuum-tube amplifier characteristic. In this type of system, both the 
d-c field and the a-f field are applied in the recording head by separate coils. 

Other recording systems utilize a high-frequency voltage simultaneously 
applied to the common recording-head coil. The same 80,000-oycle 
voltage provided for the erasing coil is utilized for this purpose. This 
voltage has the effect of flattening out the hysteresis loop, apparently 
owing to the high-frequency excitation of the iron molecules making them 
more susceptible to realignment by the low a-f field. 

The wire recorder has found many applications in the commercial 
field, both for home-radio recorder use and in the broadcast industry. It 
is especially useful in broadcast work for remote pickups because of its 
ruggedness and portability. A solid hour of program may be recorded 
on one record (wire) and is immediately available for playback and 
rebroadcasting. If desired, the recording can he erased and in a matter 
of a few minutes the wire is available for further use. 

In the later models, fidelity exceeding that of many disk-type recorders 
can be obtained. Some recorders have two-speed drives. Lou speed is 
used for speech recording. High speed (usually double the lou speed) 
is used for music recording. Despite the fact that the permissible recording 
time is cut in half at high speed, linear frequency response up to 7,0UU 
cycles per second is obtained in some instances. 


CONVERTING ELECTRIC ENERGY INTO SOUND 

There are many ways in which electric energy can he converted into 
sound, and all of them make use of the alternating electric current to 
actuate a materia) body and make it vibrate. If the alternating current 
is of an audio frequency, the vibrations occur at an audio frequency and 
set up sound waves to which the human ear is sensitive. 

There are two sound-conversion units of this type that are of interest 
to the radio industry, namely, the telephone receiver and the loudspeaker. 
Both units utilize some form of the principle of electromagnetic induction 
for their operation. Piezoelectric-operated units, however, do not utilize 
electromagnetic induction. 

There are two problems connected with sound units of this type: the 
problem of handling sufficient audio power and producing sound waves 
of the desired amplitude (volume) and that of delivering the best possible 
fidelity signal. 

The Telephone Receiver. Telephone receivers, so far as most present- 
day applications arc concerned, are not essentially high-fidelity devices. 
There are, to be sure, many telephone receivers available today having 
excellent frequency-response characteristics. Most of these units, 
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however, are utilized in applications where high fidelity is not one of 
the essential requirements. 

The primary requirements of receivers for modem use are that they be 
light in weight; that they deliver sufficient volume or signal when held 
close to the ear by means of appropriate headgear; and that their 
acoustical design permit effective elimination of external room noises. 
These receivers find wide application in radiotelegraph stations where a 
number of ojicrators are receiving and copying different signals simul¬ 
taneously. The confusion that would result from using separate loud- 
speakers for this purpose is apparent. 4 "Headphones,'’ “earphones,” 
“receivers,” and simply “phones” are all terms often used to describe 
telephone receivers and are 
synonymous, inasmuch as the 
same basic unit is concerned. 

The most common form of 
telephone receiver is that op 
crating on the electromagnetic 
principle, often called the 
magnetic earphone. This unit 
utilizes a small but powerful 
permanent magnet attached 
to pole pieces about which 
two cmls are wound. The coils arc 1 wound with several hundred turns 
of very tine wire, and a circular metal disk of thin iron is so mounted 
that it forms a part of the magnetic circuit. The disk, called a dia¬ 
phragm, is physically supported so that it is free to vibrate easily and 
is similar to the diaphragm used in some tyjjes of microphone. 

When no current is flowing through the coils (which are connected in 
series), the soft iron diaphragm tends to cling to the pole pieces because 
of the attraction of the permanent magnet. When an a-f alternating 
current is passed through the coil, the resulting electromagnetic field that 
is set up alternately aids and opposes the permanent-magnet field as its 
polarity periodically reverses. Consequently, the attraction exerted upon 
the diaphragm alternately waxes and w anes, with resultant corresponding 
changes in the displacement of the diaphragm. The resultant vibration 
of the diaphragm is synchronized w r ith the frequency of the current 
flowing through the coils, since the variation in field strength is a direct 
function of the frequency. The diaphragm vibration sets up sound waves 
of corresponding frequency in the air us previously described. Since the 
field strength varies directly us the amplitude of the coil current, the 
diaphragm displacement and subsequent sound-wave amplitude (or 
volume) an 1 direct functions of the current amplitude. The constructional 
details of a maguetic-tyjie earphone are showm in Fig. 228. 

The sensitivity of a magnetic earphone is determined by the number 
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of turns of the coils and by the weight and flexibility of the diaphragm. 
For this reason earphone coils are wound with as many turns as possible. 
Despite the fact that a greater number of turns of wire in a given space 
(since space is limited in a receiver) necessitates a higher resistance 
winding (more wire of smaller size) and decreases the current, the receiver 
sensitivity is increased, since the ampere-turns are increased, as can be 
seen from the following illustration: 

Assume that a receiver has coils wound with 1,0UU turns of a given 
size of wire and a resistance of 500 ohms. When the receiver is coupled 
to a 10,000-ohm circuit, the total series resistance of the output circuit is 
10,500 ohms. If the voltage across this circuit is 50 v, by Ohm’s law the 
current will be 


1 



10%0 “ "■ 004, ‘ mi ’' 


( 2 ) 


and the ampere-turns will be 

ampcTe-tuma 0.0047 ■ 1,000 = 4.7. (3) 


If wire having one fourth the cross-sectional area is used, it will be 
possible to wind four times as much wire in the same space, or 4,000 turns. 
The resistance of the coil, however, will be increased approximately 16 
times, so that it will now be 8,000 ohms. The total circuit resistance will 
therefore be 18,000 ohms, and the current that will flow in the circuit 
under these conditions is 

E 50 

0.0027S amp, (4 

R 18,000 1 v 7 

and the ampere-turns will bo 

ampere-turns 0 00278 • 4,000 = Jl.l. (5) 

Since the sensitivity of the receiver is a direct function of the ampere- 
turns, the sensitivity of this receiver lias been increased more than two 
times. High-resistanee phones, in general, enable a better load matching 
to be obtained in radio circuits and arc therefore to be preferred. 

Another type of magnetic earphone, which at one time found fairly 
wide usage, is the balanced-armature type. This unit operates on a varia¬ 
tion of the electromagnet principle described above. Although it still 
has a number of ardent exponents, because of its weight and bulkiness, 
this type of earphone has never attained popular favor and has been 
largely superseded by later types. 

The crystal earphone is another application of the piezoelectric effect 
of Rochelle-salt crystals. In this application the expansion and con¬ 
traction in the crystal caused by applied emf arc utilized to displace a 
diaphragm similar to that of the magnetic receiver. Although crystal 
receivers are characterized by inherently better frequency response than 
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the magnetic types, they do not find such wide usage as the latter. The 
predominant practical characteristic of the crystal receiver is its light 
weight. However, magnetic receivers weighing only a few ounces have 
been developed, so this advantage of the crystal unit is largely counter¬ 
balanced. Crystal units have the additional disadvantage that they 
cannot be placed in series with d-c circuits, which necessitates the use of 
an output coupling transformer that in many cases is undesirable. 

The Loudspeaker, loudspeakers, as the name implies, were originally 
designed to obviate the necessity for wearing headphones. The aim was 
to reproduce the sounds of a program at comfortable room volume so 
that a number of persons could simultaneously enjoy'the program. 
Such loudspeakers have since enjoyed a wide diversity of application in 
many additional fields. Modern loudspeaker design practice embraces a 
number of other qualities, including volume capability, such as required 
for public-address systems, and high fidelity. The ultimate ideal in loud¬ 
speakers used in radio work is to reproduce the sound wave that would 
have reached the ear of the listener if he had been present in the place 
where the original music or speech w as produced. Such an ideal requires 
wide, uniform frequency-response characteristics and the ability to 
handle large as well as small amplitudes of power with equal fidelity. 

Loudspeakers (‘an be designed to radiate sound in a beam, similar to 
that Nont out by an automobile headlight, or to radiate sound uniformly 
in all directions. The loudspeakers normally used in radio work usually 
have a radiation characteristic in the form of a hemisphere in front of 
the loudspeaker; whereas those used in theater talkiug-movie systems 
are made directional toward the audience, which reduces the effects of 
reverberation from the walls. Maximum radiation reaches the audience 
directly liefore reflections from other surfaces. 

One of the earliest loudspeakers w r as of the horn tyjie, which consisted 
of a magnified editiou of the magnetic 1 earphone connected to a long 
curved horn of proper exponential design. The radiation of such loud¬ 
speakers at low' audio frequencies is poor. Radiation can be increased by 
making the diaphragm larger; but this necessitates making the diaphragm 
thicker to obtain sufficient rigidity, and the resultant added mass reduces 
the amplitude at high frequencies. 

Horn-type loudspeaker installations are utilized for applications whore 
space is not at a premium, such as outdoor public-address systems. For 
such applications, best results have been obtained by using a number of 
units having comparatively small diaphragms instead of a single unit 
with one large diaphragm. Although the low-frequency radiation charac¬ 
teristic of such a system is good, provided the horns are long enough, it 
has been found that using additional small units does not increase the 
h-f output above certain critical radiation levels. 

The use of conical horns and of some types of flaring horns has the effect 
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of loading up the diaphragm to a point where the 1-f radiation is materially 
increased. The flare of the horn is the factor that determines to how low 
a frequency the loading caused by the horn becomes effective. In order 
to obtain efficient radiation, it is necessary to make the mouth opening 
of the horn approximately equal to the wave length of the sound being 
radiated. To obtain the large-mouthed opening with the very small 
flare required for proper reproduction of 1ow t frequencies, the horn length 
becomes excessive and impractical for ordinary use. 

A once extremely popular loudspeaker (still used for many applications) 
is the cone-type loudspeaker. The constructional details are shown in 
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Fig. 229. Two magnet windings arc wound about a spool mounted 
longitudinally between the pole pieces of a permanent magnet. A soft- 
iron armature is mounted on a pivot as shown in the illustration. Audio¬ 
frequency alternating current flowing through the coil windings varies 
the permanent-magnet field flux, alternately opposing and adding to the 
total flux. This varying field acting on the armature causes it to vibrate 
at a frequency corresponding with that of the alternating current in the 
coils. This vibration is transmitted to the loudspeaker cone through the 
driving pin, thrust lever, and driving-rod arrangement, and the vibrating 
loudspeaker cone sets up sound waves. 

The most popular type of loudspeaker, which finds almost universal 
application today, is the dynamic type. Like the dynamic microi>hone, 
this unit operates on the same principle and utilizes a moving coil as its 
basic component. The constructional details of an elementary type of 
dynamic loudspeaker are shown in Fig. 230(a). The dynamic loudspeaker 
consists of a small coil rigidly attached to the peak of a paper louds]>eaker 
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cone. The coil is so arranged that it is free to move longitudinally between 
the field poles of a magnet. To increase the total flux in the magnetic 
circuit a cylindrical iron core is mounted in such a manner that it pmmw 
through the center of the coil. The spacing between coil and pole piecOB 
and the iron core and coil is kept as dose as possible to ensure maximum 
flux density through the coil. The coil is kept from touching either the 
cylindrical core or the pole pieces by anchoring the center of the cone, 




Fir 230. Tho rl> nanm* loud- 
sjionkrT (ti) l’oimunput magnet! 
typo, (h) rower-hold tjpo (r) 
Speaker sputa. 


and hence the coil, to the eentei of the eore by u thin piece of metal or 
heavj paper called the spider, as shown in Fig. 230(e). The spider is very 
flexible in a longitudinal cliieetion, but it is stiff in the transverse direction. 
Thus it prevents lateral displacement of the coil, which might cause it to 
touch either core or pole pieces, without interfering with the desired 
longitudinal movement. Contact of the coil with other parts of the 
assemhl} would result in undesirable extraneous noises from the loud- 
s|>oftker and would cause scratchy reproduction 

The dynamic loudspeaker reverses the usual procedure of loudspeakers 
operating on the electromagnetic principle. Instead of passing the a-f 
alternating current through the field coils of the loudspeaker, this current 
is passed through the small movable coil described earlier. A powerful 
fixed magnetic field is maintained about the dynamic, or moving, coil. 
When a current is passed through the coil, the resulting coil field is either 
attracted to, or repelled from, the powerful fixed field, depending upon 
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the polarity. This attractive or repellent force causes a displacement of 
the coil along its longitudinal axis, with a corresponding movement of 
the louds})eaker cone. When an alternating current is passed through the 
coil, the displacement is in the form of a vibration caused by the alternate 
attractive and repellent forces exerted, and the rate of vibration is a direct 
function of the frequency. The velocity of the coil, and, hence, of the loud¬ 
speaker cone, is a direct function of the amplitude of the coil current. 

Compared with other types, the dynamic loudspeaker has been found 
to be remarkably sensitive. A very small coil current will cause cone 
vibration due to the powerful attraction and repulsion of the fixed field. 
As a result, dynamic loudspeakers are capable of developing large volume 
compared with other loudspeakers of the same size. By proper physical 
dimensioning of the circular cone as to thickness and diameter, and 
through highly developed cone-mounting arrangements utilizing cone 
material of projicr texture and flexibility, extremely high fidelity has 
been obtained. 

Earlier ty}»es of dynamic loudspeakers utilized (permanent magnets to 
supply the fixed field, or power field, as it is called. Modern dynamic 
loudspeakers obtain the power field by means of a large solenoid, or 
electromagnet, called the field coil, as shown in Fig. 1230(b). A much 
more powerful field can be developed by this means, but such units have 
the disadvantage of requiring cnmparalively large amounts of direct 
current to supply the field coil. Never! heless, because of the greater 
output, power-field dynamic speakers arc in overwhelming use. Most 
receivers, amplifiers, and the like, utilize the power pack of the apparatus 
to supply the direct current for the loudspeaker field. In modem appa 
ratus, this field is connected in scries with the d-c plate supply und forms 
an integral part of the filter system. The field coil thus serves the double 
purpose of acting as a filter choke and supplying loudspeaker field power. 

Permanent-magnet dynamic loudspeakers (p-m dynamics) arc utilized 
for small receivers where space limitations prevent the use of the relatively 
bulky field roil or in applications where d-c power is not readily available. 
The latter application includes public-address systems where it is often 
necessary to use a number of loudspeakers at locations far removed from the 
source of power. Some very efficient p-m dynamic loudspeakers have been 
developed, which make use of recent developments in magnetic material. 

Because of the small dynamic coil, dynamic loudspeakers are low- 
impedance devices and require the use of output coupling transformers 
to effect the proper impedance match. Typical dynamic-coil (often 
called voice-coil) impedances range from 2 to 12 ohms. Because of this 
low impedance, it would be impractical to connect such a loudsj)eaker 
directly to a power-amplifier circuit. With the high plate impedance of a 
typical power-amplifier plate circuit, the power transfer to the loud¬ 
speaker would be negligible. 
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Often objectionable hum is developed by jjower-field dynamic loud¬ 
speakers. When the trouble is not caused by the receiver or amplifier to 
which the loudspeaker is coupled, it is due to poorly filtered field current. 
If the loudspeaker field is part of the receiver filtering system, the field 
current is usually never 
exactly smooth but con¬ 
tains ripple components 
as discussed in the section 
on power packs in Chap. 

XII. Such variations in 
field current cause an emf 
to be induced in the loud 
speaker voice coil. This, 
in turn, causes displace 
ment of the coil and rone 
and results in a 00- or 
120-c hum being produced 

by the loudspeaker. j^o. 231. Hum-bucking arrangement in dynamic 

Two systems have been loudspeaker, 
developed to eliminate 

hum from this source in dynamic loudspeakers. One system utilizes a 
hum-bucking coil and the other, a so called shading ring. The hum¬ 
bucking arrangement utilizes a small coil placed adjacent to the loud- 
sjjeaker voice coil, as shown in Fig. 231. The coil is connected in series 

with the voice coil but is 
wound in the opposite direc¬ 
tion. The design of the 
Cone co y and its position in the 
loudspeaker are carefully 
arranged to make the hum 
voltage induced in it exactly 
equal to that induced in 
the voice coil. Although 
the hum-bucking coil has 
0tU P J * fewer turns than the voice 




Fiu. 232. Shading-disk urmngemont for hum ^ itg position with 16- 
redurtwn. b pert to the field coil can 

be arranged so that equal hum voltage is induced in it. Owing to the 
series-opposing connection, the two hum voltages are canceled. Hence, 
no hum current flows in the voice-coil circuit, and no hum is produced 


by the loudspeaker. Because the hum-bucking coil is fixed to the core, 
however, the effect on the a-f output is negligible. 

The other hum-prevention arrangement consists of a thick copper 
dinlr placed between the voice coil and the field coil, as shown in Fig. 232» 
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This shading disk, or ring, acts as a single-tum coil of extremely low 
resistance in which strong eddy currents are induced by any fluctuation 
of the field magnetism. These eddy currents react on the main field, 
tending to oppose and to suppress such fluctuations and thereby effectively 
neutralizing them. Since this action prevents any field fluctuation from 
reaching the voice coil and inducing an emf in it, the copper disk is said 
to shade the voice coil. Because of its simplicity, this arrangement is 
widely used and has been found very effective 

THE HUMAN EAR 

The final clement in any sound system is the human ear, which hears 
the sound. In order to design a sound system that reproduces sounds 
with the ideal perfect fidelity, it is necessary to qualify the definition of 
the term “fidelity” in its relation to the human ear. Theoretically, it 
would appear that a system that affords an over-all linear frequency 
response would provide ideal fidelity. It should l>e remembered that 
over-all includes all units used between the actual source of the sound 
and the listener's ear. In a pub he-address system, microphone, amplifier, 
and loudspeakers would be included, and in a broadcasting system 
microphones, speech amplifiers, modulators, transmitter, receiver, and 
loudspeaker would all be included. 

Actually, if the over-all response of such a system were linear through 
out, the sounds would probably not appear the same to a listener as they 
would if he were Listening to the sounds at their actual source, because 
of certain peculiar characteristics of the human oar. Since the ultimate 
objective of any sound system is to reproduce a sound exactly as it 
would sound at its place of origin, a knowledge of the characteristics of 
the human ear is desirable and necessary. 

Characteristics of the Human Ear. The normal ear recognizes tonal 
qualities in sounds varying in frequency from 10 to I6,ou0e. These 
limits are, of course, approximate and vary from ear to ear. The frequency 
response of the human ear is definitely not linear. The ear sensitivity 
depends upon the frequency and has been found to be maximum for the 
average ear in the range of 1,000 to .‘1,000 c. Frequencies below 20 c are 
perceived by feeling rather than hearing, and frequencies above lti,000 c 
are not heard at all by most ears. 

A sound wave in air is a cumpressional wave that is characterized by 
an increase and decrease of sound pressure above and below atmospheric 
pressure in the path of the wave. Actually, the pressure of a sound 
wave is the difference between normal atmospheric pressure and the 
atmospheric pressure that exists when the sound wave is present. 
The pressure of a sound wave is a function of the power developed 
by the loudspeaker or other sound-conversion device producing the 
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Bound When a sound wave has a high pressure, it is said to have a 
high intensity. 

The minimum value of sound ] pressure that gives a sensation of tone is 
called the threshold of audibility. The threshold of audibility varies with 
the frequency, being lowest through the middle range of frequencies 
(1,000 to 3,000 c) and highest at the very low r and very high frequencies; 
that is, very low and very high frequency sounds must have fairly high 
intensities in order to be heard, whereas those in the middle-frequency 
ranges can be heard at much In ver intensities. 

The maximum value of sound pressure at which the sensation of tone 
is retained is (‘ailed the threshold of feeling. Above the threshold of 
feeling, sound intensity becomes groat enough to produce a sensation of 
pain rather than one of hearing. The threshold of feeling also varies with 
the frequency of the sound, being highest through the middle range of 
frequencies and becoming gradually lower as the very low and very high 
frequencies are approached. In other words, the human ear is capable 
of hearing sounds of higher intensity in the middle frequencies than at 
either the \cry low or vciy high frequencies. At the very low' and very 
high frequencies, the sensation of hearing is lost, and the sensation of 
feeling starts at comparatively low intensities. A great deal of sound of 
high intensity can he heard at the middle frequencies before the threshold 
of feeling is reached. 

Manj" peculiar psychological effects result from the foregoing charac¬ 
teristics of the ear. Thus, the frequency response of the ear varies greatly 
with the intensity of the sounds it is hearing. For example, the nonlinear 
response to sounds of great intensities causes harmonics and heterodynes 
of the original tones, which arc not present in the original sound, to be 
produced. These tones, concerns! within the ear and perceived by the 
brain, are called subjective tones. Often, when 1 f sounds of high intensity 
are heard by the ear, the subjective tones, or harmonics, produced by 
the ear interfere with the perception of higher frequencies. This 
phenomenon is called masking and is the reason why it is necessary to 
raise the voice when carrying on a conversation in a noisy location. 

The magnitude of the auditory sensation produced by a sound is called 
its loudness. Because of the nonlinear frequency response of the ear and 
because of the variation of the threshold of audibility and the threshold 
of feeling witli frequency, the loudness of a sound does not vary 
directly with its intensity The sensitivity of the ear has been found 
to vary approximately logarithmically with the intensity of the 
sound, and for this reason a Logarithmic scale is used for measuring 
sound intensities. 

The smallest change in sound intensity that is discernible to the human 
oar has been termed the decibel. Expressed as a function of the change 
in power required to produce this change in sound intensity, the decibel 
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may be defined as 10 times the common logarithm of a power ratio. 
Expressed mathematically, 

No, — 10 log(6) 
■«! 

where N db = number of decibels by which the sound intensities produced 
by P 1 and P 2 differ; and P l9 P 2 two different values of power expressed 
in common units. 

The decibel, commonly abbreviated db, is one tenth of a bel and is 
often called a voice unit. The bel was universally adopted in 1928 and 
is named in honor of Dr, Alexander Graham Bell, inventor of the tele¬ 
phone. This unit is of great value in computing the gain in amplifiers 
in sound systems and in all types of a-f equipment, since it directly defines 
amplification in terms that are related to the sensitivity of the human ear. 
The input and output pow er, or over-all useful gain of an amplifier, can 
be calculated and expressed directly in decibels by means of Eq. (6). 
Conversely, when a given input power is available, such as from a micro¬ 
phone, and the desired decibel level is known, the necessary power output 
can be computed. 

When the powers imolved are expended across the same or equal 
resistances, the decibel difference cun be expressed directly as a voltage 
ratio. This is derived as follows: 

N m - 10 log (0) 


By the power equation, 



P .v 

/l ' s’ 

(7) 


P ** 
a R 

(8) 

Then Eq. (6) becomes 

AY* 



N tl - 10 log A. 

(») 

Where B is the same in 

both cases, Eq. (9) becomes 



N it - l01 °g|r 

(10) 


Nit = 20 log||- 

(11) 

Equation (11) is often useful in converting the gain 

of voltage 


amplifiers to decibels. 
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It should be remembered that the decibel is in itself not an absolute 
quantity but refers merely to a change in sound intensity, which by the 
above formulas can be reduced to a change , or ratio, between two powers, 
or voltages. Tn order to permit usage of the decibel as an absolute unit, 
zero decibels has been standardized to mean a ]>ower of 0.006 w (6 mw) 
expended in a resistance of 500 ohms. This standard facilitates the rating 
of components directly in decibels. Thus, if an amplifier is said to have 
an output of -f 50 db, by Eq. (6) it can be calculated that the output is 
36 db above Omw, or 24 w. Similarly, a microphone rated at - 50 db 
will deliver an output power of 50 db less than 6 mw, or 6 ■ i(H w. 

A chart listing decibel equivalents for voltage and power ratios will 
be found in Table TV in the Appendix 

QUESTIONS AND PROBLEMS* 

1. Low-impedance head telephones of the order of 75 ohms arc to be con¬ 
nected to the output of a vacuum-tube amplifier. How may this be done to 
permit most satisfactory operation f 

2. Which type of commonly used microphone lias the greatest sensitivity? 

3 . Describe the construction and characteristics of a crystal-type micro¬ 
phone. 

4 . Describe the lateral system of transcript ion recording. Discuss tho 
advantages and disadvantages. 

5. What typos of microphones have a high-impedance output ? 

6 . What arc the advantages of the single-button carbon microphone? 

7. Draw a single schematic ciiouit showing a method of coupling a liigh- 
inipedanco loudspeaker to an a-f amplifier tube without flow of tube plate 
current through the speaker windings and without the use of a transformer. 

8. Define the term decibel. 

9 . If a ccitain a-f amplifier lias an over-all gain of 40 db and the output is 
6 w, what is the input f 

10. If the power output of a modulator is decreased from 1,0U0 to 10 w, 
how is the power loss expressed in decibels ? 

* TLcso questions mid problems lire lakrn from tho l V.C.C. Study Guide for Commercial 
Radio Operator Examinations.” 
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ANTENNAS 


The phenomenon of electric waves being radiated into space is associated 
with the mutual interaction between electric and magnetic fields. A full 
understanding of this phenomenon can be predicated only on a thorough 
knowledge of the behavior of alternating currents. The student is urged 
to review the chapters on basic a-c theory before proceeding with the 
study of antenna theory 

THE THEORY OF ]\'A YE PROPAGATION 

An analysis of the fundamental theory underlying wave propagation 
goes back to the basic laws for electromagnetic induction (sometimes 
called the basic laws for generator action). These laws are: 

1. A mwing elect tic field neate s u magnetic field. 

2. Conversely, a moving magnetic field creates an eh cine field. 

It has been shown in an earlier chapter that the elementary electric 
generator depends for its operation upon the electric field created by a 
moving (relatively) magnetic field. When the conductors of the armature 
sweep by the magnetic field originating at the field polos, a difference of 
potential is induced in the conductor. Tins diflercnce of potential con¬ 
stitutes an electric strain, 01 electric field, that is always at right angles 
to the magnetic field direction of movement Furthermore, this electric 
field exists wdiether there is a conductor present or not 

It has also been pointed out that a moving electiic field creates a 
magnetic field. In the usual case of a conductor carrying a current, the 
moving electric field may be considered as emanating from the countless 
moving electrons that make up the current flow. However, the presence 
of moving electrons and a conductor is not necessary, except indirectly, 
to create a magnetic field. For example, a magnetic field is created around 
the space between the plates of a capacitor connected to an alternating 
voltage, aa*discussed in Chap. ATII, although no current actually flow’s 
between the plates. The magnetic field is induced by the changing electric 
field between the plates. If the space between the plates of a condenser 
is enlarged, the field will be a comparatively" open one, a field that corre¬ 
sponds to the field of an anteiuia. 

The Induction Field. All elementary antenna system connected to a 
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source of h-f alternating current, such as a vacuum-tube oscillator, is 
illustrated in Fig. 233. The antenna consists of two wires, or legs (AB 
and CD m Fig. 233), and for the purpose of analogy, the two legs can 
be considered the plates of a capacitor. The a-c generator at the center 
is the source of energy and corresponds to the point at w hich the trans¬ 
mission line would be coupled in a transmitting antenna. 

Since the legs of the antenna are in a vertical plane, the electric held is 
also in a vertical plane and is represented by the dashed lines in Fig. 233. 
The magnetic field created 
by the movement of the 
electric field, which is at 
right angles to it, is in a 
horizontal plane and is re 
presented by the solid lines 
in Fig. 233 ‘ 

It has been shown in the 
study of elementary elec¬ 
tricity aiul magnetism that 
the strength of a magnetic 
field is proportional to the 
current How in the con 
duet or It has also been 

shown m the study of 
capacitor action that, if a 
sinusoidal applied voltage 
is assumed, the cliaiging 
current is greatest at the instant when the capacitor is totally discharged 
and is zero when the capacitor is fully charged 

In the capacitor foimcd by the legs of the antenna in Kig. 233. it is 
apparent that when the electric field is zero (cupacitor completely din- 
chary* d), the current is maximum and the magnetic field is fully expanded. 
Since me of the fields is at maximum when the other is at minimum, the 
electric and magnetic fields are 90 out of time phase, ft fact that will 
presently be shown to be of vital importance at radio frequencies. 

This combination of electric and magnetic fields in the immediate 
vicinity of a conductor and resulting directly from the current is called 
the induction field, Such a field will be found surrounding every a-c 
circuit, regardless of frequency. Although theoretically extending to 
infinity, the induction field at commercial frequencies is very limited, 
and practically all the energy is returned to the circuit upon the collapse 
of the field. 

The Radiation Field. At greater distances from the antenna, a point 
is reached where the larger part of the electric field originates from the 
moving magnetic field rather than from the charge on the conductor, 
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and where the larger part of the magnetic field originates from the moving 
electric field rather than from the current in the conductor. This isolated 
combination of eJectric and magnetic fields constitutes the radiation 
field. This radiation field is self-propagating at a velocity that is so high 
that the moving electric field induces a magnetic field great enough at 
that velocity to sustain the electric field by induction. Thus, it is seen 
that the velocity of light and radio waves depends on the relation between 
electrostatic and electromagnetic induction. The velocity of radio waves 
is 3 ■ 10 10 cm per second, and the ratio between the electromagnetic and 
the electrostatic unit of charge is also 3 ■ 10 10 . 

In the induction field, the electric- and magnetic-field vectors are 90° 
out of phase, and most of the energy in the fields is returned to the 
conductor two times per cycle. In the radiation field, the electric and 
magnetic vectors arc in time phase, and all the energy is lost to the 
conductor. The intensity of the induction field falls off’ much more 
rapidly with distance than does that of the radiation field. Since the area 
of the wave front of the radiated wave increases as the square of the 
distance from the antenna, the field energy per unit volume decreases 
as the square of the distance. Since the energy is proportional to the 
square of the field intensity, the intensity varies inversely as the first 
power of the distance from the radiator. At a distance greater than a 
few wave lengths from the antenna, the induction field is negligible, 
but the radiation field may continue to be appreciable for very great 
distances. 

If the frequency is kept constant, the original strength of the radiation 
field will depend directly upon the magnitude of the current flow- in the 
radiators (antenna conductors). In other words, an increase in the power 
input to the antenna results in an increase in antenna conductor charge 
and discharge current with consequent increased field strength. 

From the foregoing it would appear that maximum radiation could be 
obtained by merely increasing power input and frequency. Unfortunately, 
a number of other factors, which impose very definite limitations, must 
be taken into consideration. Only a portion of the power absorbed by 
an antenna is radiated usefully in the form of an electromagnetic field. 
The remainder is consumed in various ways and, since it contributes 
nothing toward radiation, represents a complete loss. 

ANTENNA RESISTANCE 

When dealing with power absorbed in a circuit, it is customary to 
regard this power as being expended in a resistance. The value of this 
resistance, of course, is such as would consume the actual power in the 
circuit at the same current flow. In antenna circuits, this fictitious 
resistance is known as the effective resistance. Since all the power expended 
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in an antenna is not usefully consumed as radiation, the effective resistance 
is divided into two components —-radiation resistance (or useful resistance) 
and loss resistance. 

Obviously, for maximum efficiency the loss resistance must be kept 
at a minimum. A number of factors contribute to the total loss resistance 
in an antenna system, and their importance should not be underestimated. 
The total loss resistance is composed of dielectric loss , resistance loss , 
eddy-current loss , leakage loss, and corona loss. 

Dielectric LOSS. Dielectric loss occurs in all dielectrics and varies 
with the frequent 1 }. It is due to the phenomenon of hysteresis and is 
especially noticeable in poor dielectrics, such as dam}) wood, concrete, 
masonry, trees, which aie in ine field of the antenna. Although this loss 
decreases as the frequency increases, it is one of the most important losses 
occurring in a radiating system and should be kept at a minimum even 
in li-f antenna systems. {Special rare should be taken also to keep poor 
dielectrics away from the ends of an antenna, since the highest electric 
gradients usually occur at these points. Much power loss due to poor 
dielectrics also occurs at the point of entry of antenna feeders into the 
■transmitter room. If possible, a point of entry should be chosen where 
the material immediately surrounding the feeders lias good dielectric 
properties. 

Resistance Loss. Resistance loss is the easily understandable loss due 
to the actual ohmic resistance of the antenna and feeder conductors 
themselves. This loss can be kept at a minimum by making use of wire 
having a large crow* section and good conductance. The largest useful 
eross section can be obtained by using a number of small wires properly 
interwoven and insulated from each other, thus minimizing the skin 
effect and reducing the r-f resistance. Tubular copper conductors are 
also often used for this purpose. In choosing the material for antenna 
wire, u happy medium must be readied at which good conductivity is 
combined with high tensile strength. Phosphor-bronze and silicon- 
bronze are often used. 

Eddy-Current Loss. The einf induced in surrounding metallic objects 
within the antenna induction field causes eddy-current loss. Every 
effort should be made, so far as practicable, to eliminate all metallic 
masses from the vicinity of the antenna field. If the method of construc¬ 
tion is such that guv wires are necessary for the support of antenna masts, 
such guy wires should be properly broken up by insulators, which should 
be so spaced that the intervening sections of guy wire will not resonate 
at any harmonic of the antenna frequenc} r . If other antennas arc in the 
vicinity, they should be as far removed from the transmitting antenna 
as possible. When it is necessary to erect a number of transmitting and/or 
receiving antennas in the same general vicinity, the radiating portions 
of antennas should he erected at right angles to near-by antennas in so 
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far as is possible. Eddy-current loss increases directly as the frequency 
and can assume troublesome proportions in h-f installations. 

Leakage Loss. Leakage loss varies directly as the square of the 
voltage and inversely as the resistance of the leakage path. Leakage 
losses are caused by the flow of leakage currents from antenna to ground 
or between the legs of dipole antennas. The leakage-path resistance is 
naturally greatly diminished in wet weather, and the losses become 
noticeably large, (''are should be taken to make all possible leakage paths 
as highly resistant as possible by the choice of proper insulators and, in 
some cases, feeder cables. Some of the peculiar shapes of commercial 
insulators are the result of special design to provide long leakage paths. 
Although leakage loss does not assume Herculean proportions ou the 
higher frequencies, in the interests of efficiency every effort should be 
made to keep it at a minimum. 

Corona Loss. Corona loss takes place at high voltages und is caused 
by partial ionization of the air about the antenna wires. The ionization 
causes the air to become a partial conductor and enables it to carry a 
current. Because of the hluish glow accompanying it, corona effect, a.s 
it is called, is visible at night. (Wona effect begins to take place only at 
certain definite voltages, the critical voltage varying with the size and 
shape of the conductors and being smallest at points and corners in the 
antenna system Corona loss varies inversely with the frequency, and 
on many of the higher frequencies it is practically negligible All sharp 
turns and angles in the antenna conductors should he avoided if corona 
loss is to be kept at a minimum. 

In a well-designed antenna system, the total loss resistance can be 
kept down to 5 per cent or loss of the effective resistance if reasonable 
precautions arc taken during installation and erection. In ('hap. XVII 
methods of measuring the effective resistance as well as the inductance 
and capacitance of an antenna are discussed. 

ANTENNA CIRCUITS 

The properties of an antenna used to receive radio waves are similar 
in nearly’ all resects to the corresponding properties of the same antenna 
when acting to radiate, or transmit, radio waves. As a matter of fact, 
the characteristics of a commercial receiving antenna are often determined 
by using the antenna as a radiator and making observations of the held 
strength with a portable receiver. The only difference between receiving 
and transmitting antennas is in the radiation-resistance component of 
the effective resistance. In the case of receiving antennas, the radiation 
resistance depends upon the load impedance coupled to the antenna. In 
view of the reciprocal relations between the transmitting and receiving 
properties of antennas, this discussion will not treat antennas separately 



ANTENNAS 


399 


according to function but will be concerned primarily with transmitting 
antennas. Receiving antennas will be discussed only in so far as practical 
installation considerations and coupling methods differ. 

Antennas can, in general, be divided into two types, namely, the Hertz, 
or doublet, antenna and the Marconi, or grounded, antenna. The former 
functions by virtue of the capacitance between two wires suspended in 
air and is used in modern transmitting systems mainly for h-f work. 
The latter functions by virtue of the capacitance between a single wire 
suspended in air and the earth, ft is used widely for the lower frequencies, 
such as ship i-f transmission and broadcast work. 

✓The Hertz Antenna. The Hertz antenna receives its name from 
Heinrich Hertz wiio used two short brass rods as radiators in his early 
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experiments with electromagnetic induction. This arrangement of two 
conductors in space (see Fiir. -ill) bus since been termed a doublet. 

At low frequencies in i»cnernl the current at different points of a circuit 
is the same. If the voltage remains constant, however, the current into 
a capacitive circuit increases w itli the frequency. Similarly, if the current 
remains constant, the voltage across an inductance increases with the 
frequency. At low frequencies, displacement currents are present only 
at those points of a circuit where relatively large capacitors have been 
intentionally inserted In oilier words, the inductance and capacitance 
are definitely localized, or lumped. 

At very high frequencies, however, when the dimensions of the circuit 
become comparable to the wave length, the capacitances in different 
parts of u circuit become important, and the current varies appreciably 
in different parts of the circuit. This variation of current through induct¬ 
ances in different parts of the circuit causes their inductive effect to vary 
similarly. At high frequencies, therefore, the rr/ulmlvnl inductance and 
capacitance of the circuit will depend upon the frequency. 

Such a circuit is shown in Fig. 235, where the circuit is composed of 
two long parallel lines supplied by an alternator at one end and closed at 
the far end. The inductance and capacitance of the circuit are represented 
by the dashed lines. At low frequencies, very little current flows through 
the circuit capacitors, and the reading of all the circuit ammeters would 
be essentially the same. As lho frequency is increased, however, more 
and more current will flow through the capacitors because of their smaller 

J7-(N.Y.l * 
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reactance. Consequently, the ammeter readings would decrease as the 
far end of the circuit is approached. The current reading at point A 
(Fig. 235) would be highest. At point B the current reading would be 
less by the amount of current that has been by-passed through the first 
capacitor. The current at point C would be still lower and at point D 
would be lowest of all. Tn other words, in such circuits one must deal 
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with distributed inductance and 
capacitance. 

The distributed inductance and 
capacitance in antenna circuits are 
responsible for the voltage and 
current distribution in such circuits. 
Figure 236 shows the current- 
voltage distribution in a half-wave 
doublet antenna of the type shown 
in Fig. 234. 


current 

reading 
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current 
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The mathematical treatment of 
currents in circuits having dis¬ 
tributed inductance and capaci¬ 


tance is generally concerned with the case where these quantities are 


uniformly distributed. Because of end effects, this condition cannot be 


strictly realized in antenna circuits, but the wave forms of Fig. 236 
can be considered essentially correct for must practical purposes. 

The conditions that obtain in a simple antenna circuit can more easily 
be grasped by means of an elementary analogy. Consider a short length 


of rope lying on the ground. If one 
end of the rope is grasped in the hand 
and a quick vertical flip given to it, a 
wave, or loop, will travel down the 
rope to the far end. If both ends of 
the rope are grasped, one end in the 
left hand, the other in the right, a 
wave caused by a flip of the left hand 
can be made to travel along the 



Fie. 23fl. Volt ago and current dis¬ 
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intervening length of rope lying on the ground over to the right hand. 
In the same maimer, a flip of the right hand will send a wave along the 
rope over to the left hand. 


If the rope is short enough and the flips imparted to it do not follow 
one another in too rapid succession, alternate left- and right-hand flips, 
or pulses, can bo sent along the rope in opposite directions without 
interfering with each other. This can be compared to applying an altern¬ 
ating current to a circuit having distributed constants. 

In order to avoid mutual interference, the pulses must be so spaced 
that the traveling wave caused by a left-hand pulse reaches the right 
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hand before a right-hand pulse is imparted to the rope, and vice versa. 
It can be seen that the shorter the rope, the more easily and successfully 
this can be accomplished, and the longer the period between pulses (the 
lower the frequency of the pulses), the more successfully interference is 
avoided. 

This condition may be compared to an a-e circuit at low frequencies. 
The frequency of the applied emf is analogous to the frequency of the 
pulsations applied to the rope, and the length of the rope may be com¬ 
pared to the physical dimensions of the electric-wire circuit when these 
dimensions do not approach the wave length of the applied emf. 

If the rope in the analogy is made extremely short, it can be seen that 
no matter how rapidly the alternate left- and right-hand pulsations are 
applied, there is no interference between left- and right-hand waves in 
the rope. This is because the extreme shortness of the rope permits the 
waves formed by left-hand pulses to reach the right-hand end of the 
rope before the right-hand pulses are applied, and vice versa. 

If the rope iB made very long and the pulses arc rapid enough, a number 
of waves can be made to travel through the rope simultaneously in 
different directions, with a hopelessly jumbled wave pattern in the rope. 
At certain critical lengths of the rope, however, for a given frequency of 
imparted alternated pulsations, a stationary wave can be made to appear 
on the rope. This is the result of a left- and a right-hand actuated wave 
traveling along the rope in opposite directions and reselling a given 
point, on the rope with their peaks in phase, causing a stationary loop, or 
standing wave. Of course, since the rope is not rigid, the standing wave 
would collapse almost immediately after forming. If it wore possible, 
however, to continue supplying alternate pulses to this rope and main¬ 
taining the amplitude and frequency of the pulses very accurately, enough 
energy would continuously be supplied to the rope to maintain the 
standing wave indefinitely. 

The condition just described is analogous to a w r ire circuit when the 
frequency is very high and the physical dimensions of the circuit approach 
the wave length Any simple wire circuit having distributed constants 
can be made to conform to this rule. If the frequency is increased to the 
point where the wave length approaches the dimensions of the wire, 
standing waves will ajjpear on the wire. In any r-f circuits in which 
standing waves appear, radiation occurs. In 1-f circuits, such as 60-e 
power circuits, a wire circuit would have to be several miles long in order 
to approach the wave length of the circuit and have standing waves. 
Under certain conditions, standing waves sometimes appear on long¬ 
distance powder-transmission lines; but because of the low frequency, 
the radiated energy is small. 

Since the purpose of antennas is to obtain as much useful radiation 
as possible, antenna design consists mainly of arranging a circuit having 
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distributed constants so that standing waves arc produced. Because the 
feeder lines that are used for the transmission of excitation to antennas 
also carry r-f currents, standing waves sometimes appear on these lines 
if the lines are of the proper dimensions. Radiation from the feeder lines 
is undesirable in most installations. The elimination of standing waves 
on transmission lines is discussed in a later section of this chapter. 

Further consideration ol the foregoing rope analogy will show that 
standing waves cannot be produced when the ro]>e is shorter than J wave 
length (one loop). Similarly, an ungrounded antenna cannot be resonated 
(hence, excited for radiation) if its electrical length is less than a half 
wave length. This statement is further qualified for grounded antenna 
systems in the section on the Marconi antenna. 

Further experimentation with the rope would show that as the length 
is increased from a J wave length, additional standing waves could be 
formed only at certain critical lengths of the rope, the frequency of 
pulsation remaining constant. These critical lengths would bo found to 
be any multiple of the original \ wave length. The same holds true for 
antenna circuits. Tn ungrounded antennas, resonance is obtained when¬ 
ever the electrical length of the antenna is a multiple of a half wave 
length. Thus, if it were' desired to radiate a :i,OCM*-lc;o signal (IIII) m), an 
antenna 1 wave length lung (50 m) could effectively be coupled to the 
transmitter, an antenna 1 w r ave length long (2- 50, or 100 m) could be 
used, an antenna j wave lengths long (150 m) could lie used, and so on. 

An antenna, as a result of its distributed inductance and capacitance, 
acts in many respects as a resonant circuit. (Consequently. when an 
antenna is adjusted to exact resonance with the transmitter that is 
exeiting it, it presents a resistance load. If the frequency of the voltage 
applied to the antenna is varied above and below the resonant frequency 
of the antenna, capacitive reactance is presented bv the antenna at 
frequeneies just below resonance* and inductive reactance at frequencies 
above resonance. Therefore, if an antenna is not exactly the correct 
length for resonance, it can be compensated by adding series inductance 
or capacitance. If the antenna is too short, series inductance cun be added 
to neutralize the capacitive reactance of the antenna and bring it into 
tune. Similarly, capacitance can be added to neutralize the inductive 
reactance of an antenna that is too long. 

The wave forms for a number of simple antennas of different lengths 
are Bhown in Fig. 2117. It should be noted that minimum current and 
maximum voltage always occur at the ends of an antenna, regardless of 
the length of the antenna. Points of maximum amplitude (either voltage 
or current) in antenna circuits are referred to as current, or voltage, loops. 
Points of minimum amplitude arc called voltage, or current, nodes. 

The theoretical treatment of radiating antennas usually concerns an 
antenna in free space. Actually, of course, all antennas are comparatively 
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close to the ground and are therefore subject to the reflection character¬ 
istics of the earth. In any antenna system, a portion of the radiated 
waves are directed toward the earth at various angles and are reflected 
skyward again with varying effectiveness, depending upon the con¬ 
ductivity of the earth. Perfect reflection results only if the earth is a 
j>crfect conductor (zero resistance). Since the actual conductivity varies 
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greatly, it is difficult to calculate with any degree of success the actual 
reflection characteristics of the earth. Perfect conductivity can be 
assumed tor most cases with negligible practical error in computing the 
efficiency of an antenna. With perfect conductivity of the earth, the 
field produced is the same as would be pioduced with the earth removed 
and with the aid of ail additional antenna located a distance below the 
former surface that is etpial to the distance of the actual antenna above 
the surface. This fictitious antenna would bine characteristics identical 
with those of the actual antenna and is often called the image antenna, 
linage antennas are included in the calculations involved in predicting 
the field of an antenna. 

V' Hie Marconi Antenna. Marconi, or grounded, antenna systems are 
customarily used on the lower frequencies. Ship i-f (500 to 375 kc) 
installatious and broadcast-band (550 to 1,500 kc) installations are 
customarily of this type. The physical dimensions of ungrounded antennas 
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become quite formidable at low frequencies, even at minimum length 
(4 wave length), and their use for 1-f transmission is therefore compara¬ 
tively limited. 

The use of grounded antenna systems permits utilization of radiators 
of less than \ wave length. This arrangement does not conflict with the 
theory previously discussed for ungrounded antennas. The smallest 
self-resonant ungrounded antenna is an electrical half wave in length. 
If such a half-wave antenna were cut in two, making its length \ wave 
length, and if one end were grounded, the system would still function as 



Ki(x. 238 Voltage Lind 
rurrent di^ti jbution on 
a grounded i{u<u1ei vin\e 
vortical radial oi 




a half-wave ladiator. In other words a grounded quarter-wave antenna 
will resonate at the same frequency as an ungrounded half-wave antenna. 
The voltage and current distubution in a quarter wave antenna is the 
same as the distribution in half of an ungrounded half-w'ave antenna and 
is shown in Fig 238. The missing half of the antenna can he considered 
as being supplied In the image antenna in the ground. 

In common with ungrounded systems, a grounded antenna may he 
much smaller than a quarter wave and still be made to resonate at the 
desired frequency by “loading" it with series inductance. However, 
the efficiency of the antenna as a radiator is materially reduced, since the 
highest current in the circuit is at the point where the inductance must 
usually, perforce, lie introduced (the part of the antenna nearest the 
ground). Radiation from the inductance itself is practically negligible. 

A large portion of the loss resistance in grounded antenna systems 
occurs in the ground contact. The current is at a loop at this point. A 
greater ratio of radiation resistance to loss resistance can be obtained 
by decreasing the antenna current at the ground contact point, w r hich 
can be accomplished by increasing the antenna length, with a resulting 
shift in cuiTent loop as hIiowu in Fig. 231). With such an arrangement 
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greater antenna efficiency is realized for a given power input to the 
antenna, since a larger portion of the radiating wire carries greater 
amplitude of current. The antenna circuit is brought back into resonance 
by inserting a series capacitance. Maximum value of radiation resistance 



Fig. 241. Self-supporting towers of station WN.BC, Port. Washington, N.Y. Note 
b uilding s housing the antenna coupling units and transmission line in the foreground. 
(Courtesy of Lehigh Structural Steel Co.) 

occurs when the antenna length is \ wave length, since this length brings 
a current node at the ground connection. 

The inverted-L and T-type antennas often found on shipboard are 
common forms of quarter-wave grounded antennas. The hull of the ship 
and the surrounding water form a very efficient ground system. In such 
antenna systems, the radiating portion of the antenna is partly vertical 
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and partly horizontal, with resulting c urrent and voltage distribution as 

shown in Fig. 240. 

Nearly all modern broadcast antennas utilize self-supporting steel 
towers. The towers themselves serve as vertical radiators and have a 
height either approximately J wave length or slightly in excess of 1 wave 
length. Such antennas are customarily excited by insulating the base 
of the tower from ground and applying the exciting \oltagc between the 
tower base and ground. Other systems utilize a grounded tower. The 
feeder wire is attached to the tower at a height corresponding to approx¬ 
imately 20 per cent of the tower height, as shown in Fig. 242(a). Excita¬ 
tion current flows through the loop formed by the lower section of the 
tower, the ground, the transmitter output circuit, and the feeder wire. 
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Sufficient voltage develops across tlic lower seetiem of the tower to excite 
the remainder of the tower. The loop circuit is resonated by means of 
a capacitance in senes with the feeder line 

The relatively great cost of tower radiators of optimum height has led 
to the development of several alternative arrangements. One system 
utilizes a tower having a large flat top. The large capacitance of hiicli a 
top increases the natural electrical period of the tower, so that a quarter- 
wave flat-top tower for a given frequency is shorter than an ordinary 
quarter w ave tower for the same frequency . The saving in cost in practical 
flat top lower construction is so small as to be a minor consideration, 
however. Another scheme is to break the tower into sections, inserting 
series inductance between sections. Although sectionalized towers have 
been constructed with series inductance that jicrinitled reductions in 
tow T er height of 20 to 30 per cent, this saving is largely offset by the extra 
cost of sectionalizing uud by the losses in the inductance. Sectionalized 
towers, however, are often used where the installation is subject to 
experimentation, for they permit experimental adjustments of effective 
tow r er height without structural changes. 

As in other grounded-antenna systems, one of the major Josses in 
tower installations is that occasioned by the ground-contact resistance. 
Broadcast stations considerably reduce this loss by providing a ground 
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system of buried wire*., us shown in Fig. 244. Such a ground system 
consists of a number of radial wires directly underneath the radiating 
tower. Optimum specifications o f a giound system call for radials having 
a minimum length of 0.4 ^ave length and spaced about l\ apart. Since 
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maximum giound loss occurs m the immediate \iciiuty of the tower 
base, most installations utilize an additional local ground system extend¬ 
ing a short distance from flu 1 tower base. Such ground mats are often 
composed of a buried wiie screen. 

General Antenna Considerations. The direction of the electric field 
radiated by ail antenna is also the direction of polarization of the wave. 
Thus, a wave w ith its electric field vertical is said to be vertically polarized; 
one with a horizontal electric field is said to be horizontally polarized* 
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The antennas that produce these fields are classified according to the 
polarization of the field. Thus, a vertically polarized antenna is one that 
produces a vertically polarized electric field, and, similarly, a horizontally 
polarized antenna is one that produces a horizontally polarized field. In 
general, the polarization of an antenna depends upon its position with 
respect to the earth’s surface. Thus, a vertical antenna is vertically 
polarized and a horizontal antenna horizontally polarized. 

Low-frequency radiated waves usually maintain their original polariz¬ 
ation, but as the frequency is increased, it is found that the polarization 



changes during travel. The radiated wave usually splits up into several 
components, which follow different paths in arriving at a given receiving 
antenna. As a result, the received wave is usually found to contain both 
vertical and horizontal components of polarization. 

horizontal polarization is usually preferred for transmitting antennas 
because the antenna-supporting structures required are not so high as 
for vertically polarized radiators. Since most radiated noise is vertically 
polarized, horizontally polarized receiving antennas are productive of a 
better signal-to-noise ratio and are therefore to be preferred. 

The useful component of an antenna field has been shown to be the 
radiation field. Neglecting directivity effects, the waves radiated from 
an antenna under normal conditions travel in all directions from the 
antenna. It is apparent that a great portion of the radiated energy is 
lost in a non-directional system. The useful radiation is divided into 
two parts - the ground wavr and the sky imve. The ground w r ave represents 
that part of the radiated signal which follows the general contour of the 
earth. The sky wave represents that part of the radiated signal which is 
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radiated Hkyward and is usefully reflected back to the earth by the 
ionosphere. This reflection characteristic is discussed in detail in a later 
section of this chapter dealing with the ionosphere. 

Practically all commercial point-to-point radio transmission is accom¬ 
plished by means of the sky wave, since the ground wave is appreciably 
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attenuated a short distance from the transmitter Broadcast stations, 
the primary object of which is to deliver a high-quality signal to listeners 
within a limited area around the transmitter, depend upon the ground 
wave for primary coverage. Within this primary-service area, broadcast 
signals show little or no seasonal or other variation and have good enter¬ 
tainment value because of the high signal-to-noise ratio. Beyond the 
primary-service area of a broadcast station, there is a secondary-service 
area where, although signals are fairly strong, reception is less satisfactory 
than in the primary area. In the daytime, broadcast-frequency sky 
waves are almost completely attenuated. Secondary coverage is due 
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practically entirely to giound wa\e inception, isith the result that the 
daytime secondaiy seivice area extends only a hliort distance beyond 
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the puindr> seivice aiea At night the sky 'wave is sufficiently siiong 
to give good secondary coverage ovei large areas 
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Directional-anteima Character¬ 
istics. Only the waves radiated m 
certain dnec tious from a transmitter 
will reach a particulai receiving 
point all waves ladiated in other 
directions aie wasted so fai as 
this receiver is (omerued Foi 
radio <onmmiiiGdtion between fixed 
point's, theiefoie greatei efficiency 
and lower powei consumption aie 
attained by the use of directional 
antennas Directional antennas aie 
also mipoitant foi receiving pur 
poses because signals amving fiotn 
diif'ctions oilier th<m the desired 
signal aie attenuated as are also 
statu and man made noise arriving 
from other dnec turns The icsult 
is a greatei desired signal to inter 
feicme ratio and signal to noise 
ratio In addition directional an 
tennas tor fixed service ran be 
ulpisted to resonate only at the 
dtsneH signal frequency resulting 
m considerable gam in the antenna 
system itself 

The due < turn il c liai act eristic of 
a single wuc antenna m free space 
is broidsulc to the wire as shown 
m Fig 24S(a) r lhis poltr diagram 
of a spice pattern is tor a single 
wire antenna \ waye length long 
As the length of the antenna is 
111 cleased by multiples of J wave 
length it is found that the two 
original lobeb of the held pattern 
are multiplied according to the 
length of the antenna Thus an 
antenna 1 waye length long has 
four lobes, one in each quadi ant 
all of approximately equaI auiplr 
tude As the antenna length is 
further increased it is found that 
the number of lobes in the held 
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pattern increases. There are as many lobes in each quadrant of the 
field pattern as there are wave lengths in the antenna length. Thus, the 
antenna 1 wave length long shown in Fig. 248(b) has one lobe in each 
quadrant. An antenna 5 wave lengths long (Fig. 248(c)) has five lobes 
in each quadrant. 

As the antenna is increased over one wave length, the lobes in the 
field pattern do not remain equal in amplitude, since one lobe in each 
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quadrant always predominates. As the antenna length is increased, the 
angle that the major lobe in each quadrant makes with the antenna wire 
becomes smaller and smaller, with the result that very long single-wire 
antennas have marked directional characteristics in the direction in which 
the wire is pointing. 

The directional characteristic of a long-wire antenna differs from that 
of an elementary half-w ave antenna because the current in different parts 
of the long antenna may not always be in the same phase. Furthermore, 
the distance from a remote receiving point to various parts of a long 
antenna will not be the same. Consequently, the fields radiated from 
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different parts of a long antenna add together vectorially and the net 
field depends upon the direction from the antenna and upon the current 
distribution in the wire. 

A vertical antenna is essentially nondirectioual. Thus the horizontal- 
plane field pattern of a vertical antenna is a circle; that is, looking down 
on top of the antenna in such a way that the antenna wire appears as a 
dot, the field pattern will appear as a circle. Nevertheless, combinations 
of vertical antennas in spaced arrays are used with great success to 
obtain unidirectional characteristics. Any directional antenna system 
involving tw o or more spaced antennas is termed an antenna array. 

One of the simplest forms of antenna arrays consists of two vertical 
antennas spaced \ wave length apart and excited by equal currents 90° 
out of phase. In one direction 
along the plane of both antennas 
the phase relations of the two 
antenna fields art 1 such that the 
fields add together and result in 
maximum field strength in tills 
direct ion. In the opposite direction 
along the same plane, the field 
phase relations are such that the 
fields balance and give zero field 
in this direction. In all other dircc 
tions from the antennas, the net 
field is the vector sum of the two 
antenna fields, and the field strength is always less than the field strength 
in the direction of maximum amplitude. The resulting horizontal plane 
wa\e pattern is a cardioid, as shown in Fig 1 249. 

Practically all the numerous types of antenna arrays, including broad¬ 
side, end-fire, and collinear arrays, are adaptations of the fundamental 
principles discussed for the two-element array abo\e. Some commercial 
installations even utilize array s of arrays. 

The individual antennas making up an array may be of any desired 
type. Thus, it is possible to use horizontal, instead of vertical, radiators. 
Radiators of any length ranging from J wave length on up may be used. 
Of course, all the elements in a given array should be of the same length. 

The simplest form of broadside array consists of a number of antennas 
uniformly spaced along a line, all of which are excited by equal currents 
of the same phase. Such an array results in a concentration of radiation 
in a plane at right angles to the line of the array. The field in directions 
other than at right angles to the array line is the vector sum of the 
individual-element fields and is almost all canceled. The sharpness of the 
field pattern in the direction of greatest amplitude is a function of the 
length of the array, increasing with array length. The individual-element 
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spacing must be equal between elements, but otherwise it lias a negligible 
effect on the field pattern up to a certain critical distance. The critical 
spacing varies with particular systems and depends upon the length of 
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the individual elements, the number of elements in the arm. and the 
operating frequency. 

The operation of a broadside arra\ can be more clearly understood l>\ 
referring to the simple two (dement array of Fig. 2o0. The two vertical 
elements A and B arc spaced \ wave length apart and are fed b\ in-phase 
currents. At point 1. the voltage E ,, due to the wa\c from antenna 
element A , and the voltage E h , from antenna element B , arrive in time 
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phase and, consequently, add to eaeli other, making the resultant voltage 
E n maximum at this point. At point 2, voltage E { arrhes in time-phase 
opposition to voltage E n since the E { wa^e had to traverse a path that 
is longer by one half wave length (the spacing between towers) than the 
E# wave path. Consequently, E t lags E J{ by I80 L upon its arrival at 
point 2. The two voltages, being equal in amplitude and opposite in 
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polarity, cancel out, and the resultant voltage E H becomes zero. At 
intervening sections of the quadrant between points 1 and 2, the resultant 
field voltage assumes some value between the maximum of point 1 and 
the minimum of point 2. 

A widely used form of broadside array consists of an arrangement of 
two-element arrays of the type discussed on page 414 and shown in 
Fig. 251. The broadside array 
eonsists of a number of eouplets 
spaced 1 wave length a part. Kach 
couplet consists of two half-wave 
elements spaced \ wave length 
apart and excited by equal 
currents 00° out of phase. This 
results in a remarkably efficient 
unidirectional system. The Held 
pattern of each couplet is similar 
to thol shown in the horizontal 
plane polar diagram of Fig. 24!) 

The horizontal-plane Held pattern 
for the entire array is shown in 
Fig. 252. 

An end-fire array omsints of a ,*"■ 2 “- t«i.pUne i,«.m ,wttom 

series ot antennas arranged in a 

line and excited by currents of equal amplitude 1 . The spacing in wav© 
lengths between antennas is equal to the progressive phase difference in 
cycles in the currents between adjacent antennas. Thus, if the antennas 
are excited progressively !)0 out of phase, a spacing of \ wave length is 
required. If the antennas are excited progressively ISO out of phase, 
a spacing of J wave length is required. Optimum results are usually 




Fir,. 2r»3. Hi>n/o»l«tl plane hold pattern of typical end fin* array 

obtained with quarter-wav© or three eighth-wave spacing between 
elements. End-tire arrays are relatively efficient. The horizontal-plane 
Hold pattern of a typical end-fire array is shown in the polar diagram of 
Fig. 253. The direction of radiation concentration is always toward the 
end of the array having the lagging phase. 

As pointed out in an earlier section of this chapter, the lobe of maximum 
radiation from a single long wire makes a more acute angle with the wire 
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and increases in amplitude as the length of the wire in wave lengths is 
increased. There are a number of ways in which long single-wire antennas 
can be combined to increase the gain and directivity of an antenna 
system. One of the simpler forms of such a system is the so-called V 
antenna. 

If two long single wires are combined to form a V, as shown in Kg. 
254, a very effective bidirectional antenna results. When the major 
angle of the V is twice the angle that the major lobe of each wire makes 
with the wire, and the two sides of the V are excited 180° out of phase 



Fic*. 254. V-type antenna showing horizontal-plane held patterns of individual and 
combined legs. 

by connecting a two-wire feeder 1o the apex of the V, the major lobes 
reinforce along the line bisecting the V. Maximum radiation is concen¬ 
trated along the bisector in either direction, and the Jobes tend to cancel 
in all other directions. The horizontal-plane field pattern is shown in 
Fig. 254. The normal field pattern for each leg of the V in space is indicated 
by the dashed lines, and the field pattern for the V arrangement is shown 
in solid lines. 

The wire lengths in a V beam are not at all critical, but it is important 
that both wires be of the same electrical length. The gain obtained depends 
upon the wire length in wave lengths. 

The V antenna can he made unidirectional and aperiodic hv termin¬ 
ating the open ends of the V to ground through resistors. These resistors 
dissipate almost half the power fed to the antenna (power that would be 
radiated in the reverse direction in a bidirectional V). Because of the 
losses occurring as a result of ground contai t resistance, tcnninated-V 
antennas are not often used. 

One of the most widely used directional anteimas today is the rhombic, 
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or diamond, antenna, so called because a horizontal plan view of the 
antenna is a rhomboid, or diamond-shaped. The rhombic antenna differs 
somewhat in principle from the antennas previously described (with the 
exception of the aperiodic V antenna) in that it radiates without the 
presence of standing waves of current and voltage along the wires. 

Fundamentally, the rhombic antenna consists of a pair of unidirectional 
V antennas placed side by side. The arrangement is shown in Fig. 255. 
The antenna is made nonresouant by terminating the far end of the 
diamond in a resistance that is equal to the characteristic impedance of 



Fk. 255 The rhombic (diamond) antenna 


the antenna. Foi a discussion of characteristic impedance the reader is 
referred to a later section of this chapter devoted to transmission lines. 
This terminating arrangement avoids the ground losses experienced with 
the terminated-Y t,>pe antenna. 

The major lobes of the individual wires forming the four sides of a 
rhombic antenna reinforce each other to give a directivity, as indicated 
in Fig. 255. If the terminating resistance were eliminated, the antenna 
would be bidirectional along this same line. The terminating resistance 
has the effect of eliminating standing waves on the antenna. The current 
in the antenna decreases uniformly along the wires as the terminated 
end is approached, the decrease being caused by loss of energy from 
radiation and by other normal antenna losses. The energy remaining 
when the terminus is reached is dissipated in the terminating resistor 
instead of being reflected back along the wire to form standing waves. 
The terminating resistor therefore absorbs all the power that would 
otherwise he radiated in the backward direction. 
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The directional characteristics of a rhombic antenna are not particularly 
critical with respect to the tilt angle (see Fig. 256), and, consequently, 
the antenna can be used over a considerable frequency range without 
adjustment. Optimum results ure obtained when the length of each leg 
is not Icrs than 2 wave lengths. A change in frequency has the effect of 
altering the lengths of the legs as measured in wave lengths, so that the 
net result of an increase in frequency is to sharpen the directional-field 
pattern somewhat materially changing its fundamental character. 

Jn practice, the sides of a rhombic antenna are 
composed of a pair of conductors in parallel with 
a variable spacing between them, as shown in 
Fig. 255. This arrangement offsets the variation 
in distributed inductance and capacitance caused 
by the unequal spacing of the two sides of the 
diamond. By virtue of this compensation, the 
characteristic impedance is essentially the same at 
all points along the antenna. 

Several variations of design are available to 
produce optimum results with rhombic antennas. 
One of the factors entering into the design of 
almost all commercial antenna systems is the 
radiation angle, or wave angle. The wave angle, 
briefly, is the angle of maximum radiation above 
the ground for a specific antenna under consideration. 
This topic is fulh discussed in the following section, 
Fiu Coiui dm- aild method of computing optimum wave angle 
arHia 'Jtuwin^ lmri/.ou- for a given fixed point-to-point transmitting or 
tal-piane field pattern retching antenna system is described. 
havi^Tk^ The lirRt stc P 1,1 ^ ie deai « 11 a rhombic antenna 

4 wuvp len^ilis. is to ascertain the optimum wave angle for the 

frequency and range to be used. Once the w r ave 
angle is selected, there are three remaining quantities to be determined: 
the tilt angle 0, the antenna height //, and the length of each leg L. 

For any given w 7 a\c angle, there is one set of antenna constants that 
will produce maximum radiation in the desired direction or maximum 
response to signals coming from the desired direction. The optimum 
height of a rhombic antenna for a given frequency and wa\e angle is 
derived from the equation 



Jl 


4 sin w 


:i) 


where H antenna height in meters ; 

A — operating wave length in meters; 
w - wave angle. 
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The tilt angle is determined directly from the relation 

sin 0 = cos w , (2) 

where 0 - tilt angle and w — wave angle. 


The leg length (for each of the four sides) is obtained from the formula 


L 


A 

sin 2 w 


(*> 


where L - length of each leg in meters; 

A — operating wav e lengt h in meters, 
w = wave angle. 


Aircraft Antennas. Refraction of a radio wave occurs when the wave 
passes over a metallic* sheet, such as the wing of an airplane. Receiving 



Kic. j:>7 Hehavioi uf a simple milmnu in spurt*, nlntli passes limn lelt to light 
over a radio Iwiieon station 


antennas located above the wing, but shielded bv the wing from the 
transmitting station, 'will receive energy refraction over the edge of the 
wing. The refraction process tends to change the wave front of the wave 
and rotates the electric and magnetic-field components of the radiated 
field. When refraction takes place over both the leading and trailing 
edges of the wing, the wave front will be tipped, and partial cancellation 
may result for an antenna located above such a w r ing. This action is 
reciprocal in the case of transmitting from an airplane when the antenna 
is located above the wings. 

Figure 257 shows the behavior of a simple vertical antenna in space 
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that passes from the left to right over a transmitting station. The change 
in signal amplitude is shown by the graphical representation. The antenna 
will show a cone of silence when passing directly over the transmitting 
station owing to the fact that waves traveling over different paths arrive 
at the antenna 180° out of phase. When the antenna passes over a beacon, 
or directional, transmitting station, the cone of silence will be absolute, 
or complete, over the indicated area. For other types of transmitting 



radio-hoar on station. 

stations, the (‘one of silence will be only partial, or incomplete, that is, 
complete cancellation of the signal will not occur. 

A standard fin antenna, such as is used on the Douglas-type transport 
planes, is show'll in Fig. 258. The antenna extends forward and downward 
to the top of the fuselage where the lead-in to the radio receiver is attached. 
As the plane moves toward the transmitting station, its projected angle 
toward the station decreases, and the normal surge of signal on approach 
is not so great as with the ideal vertical antenna. The signal strength 
builds up at a rapid rate, but the net result is that the surge is decreased 
in amplitude, and the decrease in signal beyond the surge does not have 
so great a slope as with the ideal antenna in Fig. 257. As the plane reaches 
a point over the transmitting station, the signal drops to inaudibility at 
a point almost exactly over the station. Complete inaudibility actually 
occurs only over a beacon transmitting station, immediately after 
passing the station, the antenna presents a large projected area, and a 
surge is heard that is much greater than the surge on approach. The 
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rate of surge is extremely rapid, for the same reason that the decrease 
of Bignal from the surge before the station occurred at a rate slower 
than normal. 

Figure 250 shows a whip antenna mounted below a plane that main¬ 
tains an angle in flight of approximately the amount shown. This bending 
of the antenna causes the signal to increase on the first surge on approach 
to the transmitter, by about the same amount as on the surge that follows 



Fit. Hehuvioi ni n w hijj an tom m mounted below the airoiaft, which is passing 

from loft to right over « radio boat*on stfdion Thih type of antcmia and installation most 
closely approaches the ideal »J Fig 257 

the passing of the station. The fact that the antenna has slightly better 
pickup on entering the cone than upon leaving it causes the decrease to 
the absolute cone from the first surge to be somewhat lengthened over 
that with the ideal antenna. It also causes the second surge to diminish 
less rapidly upon leaving the station. The absolute cone of silence is 
sustained for a longer time than u ith the fin antenna, because this antenna 
has less horizontal polarization component. At low altitudes (300 ft) over 
the transmitting station, the cone is very distinct and well-marked. This 
is the most effective type of all the antennas discussed. 

The same whip antenna mounted on top of the plane is shown in Fig. 
200. As the plane approaches the station the antenna, because of its 
bend, presents an increasingly smaller projected area to the station. 
This prolongs the decrease time into the absolute cone appreciably. 
As the plane comes into a position above the station, the signal is arriving 
from well below the plane and there are two paths of signal, one around 
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the leading edge of the wing and the other around the trailing edge. 
Considerable refraction takes place, and the wave front is tipped as it 
comes over the leading edge of the wing. At a point beyond the position 
directly over the station, the wing center is directly between the antenna 
on top of the plane and the transmitting station. Owing to this distortion 
of the wave front, the two paths of signal over the leading and trailing 
edges of the w r ing may give a minimum signal in this position. In actual 

Whip antenna 


I 



Fill. 2(>0. Mohuvmr oi a whip iiiifeun.i mount (‘d nbo\o the' aircTiift, wlmh is jjd>Hinp 
from li'M in riyht abo\e u nirlm-limti on stritiun 


tests, the cone of silence has been found to occur at an angle from the 
vertical of ,‘H beyond the position over the transmitting station. 

As the airplane approaches the station, there is a surge that is not so 
great as the surge following the station. A very gradual decrease of signal 
into the cone of silence results, which, as explained above, occurs approx¬ 
imately .'14- L beyond the vertical. This decrease is immediately followed 
by a very sharp rise in signal and heavy surge as the refraction effect 
disappears and the signal strikes the largest projected area of the antenna 
beyond the station. 

Some interesting effects of whip antennas mounted in the positions 
discussed above are shown in Fig. 201 when the plane is circled at some 
distance from a beacon station. At (a) the plane is shown with the antenna 
mounted on top of the fuselage, and the plane is in a bank. It would be 
expected that, as the wing reaches a position wdiere it is between the 
antenna and the beacon station, refraction over the wing edges would 
result in a sharp decrease in signal. This decrease is very pronounced 
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when circling at a distance of 15 or 20 miles from a beacon station. When 
the piano lias circled lS0 f , some slight decrease In signal due to smaller 
projected area of the antenna toward the station is noted. This reduction 
in signal is not pronounced. As the bank is inc reased, both of the effects 
mentioned become more noticeable. A turn made with no bank at all 
produces negligible change in signal. 

In Fig. 261(b), the effect of a hank with the antenna mounted below 



Very lutle fade 


(b) 

Ki(< -(!I Kflrits nt mriiuft lum untl lmnk on n*n*i\i»d signal lnlnisitv (a) Antenna 
uifiiiiitoil on lop of In solum* (l>) Xritonna moimti'il hrlow 1iHt*lmgr k 

the plane is shown. Almost no change in signal level is noticeable w'hile 
circling. Refraction is not severe when the wing is between the antenna 
and the station, because the refraction angle o\er the trailing edge of the 
wing would have to he \crv great with the antenna mounted on the 
lower side of the wing almost as far forward as the leading edge. Small 
changes in signal due to smaller projected areas when at right angles to 
the station occur. 


SKIP DISTANCE 

The Kennelly-Heaviside Layer. The presence of a reflecting medium 
in the atmosphere above the surface of the earth has long been recognized 
by scientists as a phenomenon affecting radio communication. Until the 
time ol Marconi’s first transoceanic experiment, it was theorized that 
radio waves, being electromagnetic in nature, were of the same character 
as heat and light waves. It w r as therefore assumed that, in common with 
such waves, radio waves traveled in straight lines with no more than the 
customary deviations due to diffraction, reflection, and refraction. 
When Marconi successfully demonstrated the transmission of radio signals 
across the Atlantic from (lifdeu, Ireland, to Glace Bay, Nova Scotia, in 
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1901-1902, it was evident that this theory was erroneous. If the radio 
waves traveled in a straight line during this historic experiment, it must 
be assumed that they penetrated the earth’s crust. This possibility was 
easily disproved mathematically. The alternative possibility, that 
diffraction caused the radio waves to bend sufficiently to follow the 
curvature of the earth, was also proved false. 

In 1902, the American scientist, Dr. A E. Kennelly, and Oliver Heavi¬ 
side, a British scientist, suggested the existence of a reflecting medium 
in the upper layers of the earth’s atmosphere to account for this peculiar 
behavior of radio waves. Each of these m*n, working independently, 
arrived at this conclusion mathematically. Their propositions were 



Flu. 26 1. Klfcit ol the loniibjihcic un the bkj -wa\e lomponant r>t a radiated signal 


announced almost simultaneously, A great number of different investi 
gators analyzed the theoretical possibilities of such a medium, or layer, 
in the upper atmosphere, and this theory was eventually accepted as a 
satisfactory explanation for the return of radio waves to the earth. It 
is interesting to note that the existence of this reflecting layer was pre¬ 
dicted b\ Kennelly and Heaviside many years before long-distance h-f 
radio communication demonstrated its proof The layer w as subsequently 
named the Kennelly-Heaviside layer in honor of the two scientists. 

As the height above the earth increases, the air becomes more and 
more rare, and the intensity of the sun’s radiation increases. The lower 
air pressure and the mrreased railiation both cause a tendency tow r ard 
ionization of the atmosphere. The air molecules of the rarefied atmosphere 
axe ionized as a result of bombardment by cosmic and solar radiation, so 
that free electrons are present in the ionized region. The cloud of electrons 
forms a conducting medium which causes radio waves to be refracted, or 
reflected, back to the earth. 

This ionized region of the atmosphere constitutes the Kennelly- 
Heaviside layer and extends from 70 to 250 miles above the earth’s 
surface. Because of its nature, it is also often called the ionosphere. 

The ionosphere is responsible for the behavior of the sky-wave com¬ 
ponent of a radiated signal. Since an antenna radiates waves at all 
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angles, a major portion of the field energy is expended in radiation 
skyward. Were it not for the ionosphere, all thiH energy would continue 
traveling outward into space in a straight line and would be lost. The 
ionosphere, however, acts as a reflector and causes the radio waves to 
be bent back to earth. The angle at which this reflection occurs depends 
upon the angle at which the wave has left the transmitting antenna. 
The latter is called the radiation angle, or wave angle. The wave angle 
is very important, since it determines th^ general area on the surface of 
the earth at which the signal will return. This is shown in Fig. 262 . 



Actually, a radio wave is refracted as much as reflected by the iono¬ 
sphere. At the low er frequencies, the action is mainly reflection. As the 
frequency is increased, more and more refraction occurs, so that the wave 
is gradually bent around until it proceeds earthward again. In reflection, 
the wave strikes the conducting medium of the ionosphere and is re¬ 
radiated in the same way that light waves are reflected from a mirror. 
In refraction, the action is also similar to that of light waves when 
passing through mediums of diflerent density. It is a well-known fact 
that when light waves pass from a given medium into a denser medium, 
the waves are bent. This can be observed by placing a pencil in a glass 
of w’ater. The apparent crookedness of the pencil is due to the refraction 
of the light waves as they pass through the denser water (traveling from 
the immersed part of the pencil to the eye) compared with the waves that 
reach the eye from the up]»er purt of the pencil. In the same manner, as 
radio waves pass from the atmosphere into the ionosphere, which is 
denser by virtue of its electron cloud, they are bent. As the waves 
progress farther into the ionosphere, the electron density increases, 
resulting in an increase in the angle of bending. Once the wave is turned 
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around so that it is heading back to earth, it passes into progressively 
less dense portions of the ionosphere. The bending, therefore, is in the 
opposite direction, as shown in Fig. 2(>H. The net result is the same as 
though the wave had been reflected instead of refracted, so it is customary 
to speak of a wave being reflected from the ionosphere hi both cases. 
This usage will be adhered to throughout this chapter. 

As mentioned above, the angle at w Inch a reflected wave returns to 
earth depends upon the initial wave angle. As the angle at which a radio 
wave enters the ionosphere is increased, the wave returns to earth nearer 
the transmitting point. As the angle is still further increased, a point 
will be reached, called the critical angle, at which the wave just manages 
to be bent back to earth. Waves entering the ionosphere at angles 



beyond the critical angle are not bent enough to return to earth, and as 
a result the> pass entirely through the ionosphere to outer space. Since 
these waves arc obvious!\ useless for radio communication, all waves 
radiated at angles above the critical angle are wasted and the eucrgy 
expended in them is a total loss (see Fig. 

The critical wave angle varies with frequency, becoming smaller as 
the frequency is increased. At extremely high frequencies, the bending 
effect is so small that no waves return to the earth. 

It is apparent that in order to secure efficient radio communication 
over a given distance, maximum radiation should he concentrated at the 
proper wave angle. The performance of an antenna is considerably 
modified by the presence of the earth underneath it because of the 
reflection characteristic of the earth, as discussed in the section oil image 
antennas. Waves radiated from the antenna at angles below the horizontal 
are reflected upward by the earth, as shown in Fig. 264. Waves radiated 
from the antenna at angles above the horizontal combine with the 
reflected ground waves in various ways, depending upon the height of 
the antenna above the earth. At some vertical angles, the direct and 
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reflected waves may be exactly in phase and therefore additive, with the 
result that maximum radiation occurs at these vertical angles. At other 
vertical angles the two waves may lie 180° out of phase, resulting in 
complete cancellation of radiation, or a null in the field pattern at this 
angle. At all other vertical angles, the resultant radiation field is the 
vector bum of the direct and reflected fields and will therefore have 
various intermediate values. Thus, it can be seen that the wave angle at 
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which maximum radiation occurs tor a ujven antenna is a function of the 
height of the antenna above the earth. 

Figure 205 illustrates the vertical-plane radiation patterns tor a vertical 
half-wave antenna at different heights above the ground. The antenna 
height is that of the center of the antenna and is given m wave lengths. 
Corresponding data for a horizontal half-wave antenna is shown m Fig. 
200 for various heights above the earth. In both figures, perfect earth 
conductivity is assumed. At all except the lowest wave angles, the 
effect of ground losses due to imperfect earth conductivity is small, and 
no serious error is introduced by assuming perfect earth conductivity. 

It will be noted that the vertical-plane field pattern varies with the 
direction of the antenna w r ire, that is, it depends upon whether the field 
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is endwise or broadside to the antenna. The variation, however, is in 
amplitude of the field. The effect on optimum wave angle is negligible 
and, in general, need not be considered as a factor affecting the directivity 
of directional antenna systems. 

Wave Path. It is impossible to make calculations of the wave path 
of a radio signal with any degree of certainty because of lack of knowledge 

concerning the distribu¬ 
tion of the electron density 
with variations in iono¬ 
sphere height. A number 
of hypothetical assump¬ 
tions have been made, 
however, based on ob¬ 
served results. The be 
liavior of radio waves of 
different frequencies has 
led to the conclusion that 
there are several ionized 
layers in the ionosphere 
rather than only one 
Identifying letters have 
been assigned to the vari¬ 
ous layers of the iono¬ 
sphere, the layer closest 
to the earth being called 
the E layer. The E layer 
remains at an essentially 
constant height of 70 miles 
abo\e the surface of the 
earth. The next higher 
(D layer is the F layer. The 

Height j- m e length ionization of both E and 

Fiii 266 (A« opposite pa* ,o, ,apt,on J F ,a y erK Varit * h in den!iit y 

with the time of day and 
is at a minimum for three or four hours after midnight. The density of the 
E layer is greatest at noon. The F layer splits into two layers about sun¬ 
rise, the lower layer being called the F 1 layer and the upper, the V 2 layer. 
These layers continue as separate layers throughout the day and merge 
into the single F at night. Each of these layers exists at different heights 
above the earth. The F layer height is approximately 185 miles, the F x 
140 miles and the F 2 varying from 200 to 250 miles. During the winter 
months, the F x layer completely disappears, leaving the single F 2 layer 
during the daytime at an effective height of 140 miles. 

In addition to the variation in layer height and density day by day 
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as noted above, variations in density of ionization also occur as the sun's 
radiation varies. There are three such cycles of ionization in addition 
to the daily variation. One such cycle occurs every 28 days and coincides 




Fin. 200. Vrrtienl pLmo radiation pattern for horizontal half-wave antennas at 
different heights above ground. 


with the period of the sun’s rotation. Another cycle occurs yearly in 
accordance with the earth’s path around the sun. The third cycle has 
been found to occur every 11 years and has been presumed to coincide 
with variation in the sun’s radiation due to sunspot activity. 
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The degree of refraction of a radio wave is a function of the ionosphere 
density. In view of the many changes in ionosphere density discussed 
above, it is evident that the path of a radio wave depends upon a great 
many factors. 

In addition to the effects of ionosphere density, the degree of refraction 
is also a function of the frequency of a radio wave. The bending of a 
wave by the ionosphere Iihs been found to become more acute as the 
frequency is decreased. This effect is so pronounced that, at very low 
frequencies, radiation at nil wave angles, including the absolute vertical 
(90°), is returned to earth. At frequencies lover than approximately 
4 megacycles, the sky wave returns to Hie earth at a point within the 
range of the ground wave. On such frequencies, therefore, practically 
continuous coverage occurs as the distance from the transmitter is 
increased until the signal is completely attenuated. 

At the higher frequencies, the point at winch the sky wave returns to 
earth occurs at increasingly greater distances from the transmitter. 
Between the outer limit of the ground-wave coverage zone and the 
beginning of the returned sky-w r ave zone, an area exists in which no 
signal is heard. This zone of silence becomes greater as the frequency is 
increased. The interval between the ground-wave zone and the returned 
sky-wave zone is known as the skip distance. 

A radio wave that is reflected back to the earth by the ionosphere is 
usually reflected again, depending upon the conductivity of the earth at 
the point of arrival. Thus, a wave may make several hops, or skips, 
along the surface of the earth before becoming completely attenuated. 
This multiple reflection is caused by the wave being reflected back and 
forth between the earth and the ionosphere a number of times. Most 
long-distance communication is accomplished Jrv multiple reflection, 
since under the most favorable conditions the greatest possible skip 
distance is about 3,000 miles. 

The choice of frequency foi communication over a given distance 
depends upon a number of factors. For example, flip highest frequency 
that will bo reflected to the earth within the required distance should lie 
selected. Low r er frequencies could be employed, but these would be 
subject to multiple reflection in traversing the required distance with 
attendant increase in attenuation. No set rule can be given because of 
the many variables to be considered. In general, when the distance is 
very great and the entire path is in daylight, a frequency in the vicinity 
of 30 megacycles will be satisfactory. For lesser distances, the 30-mega¬ 
cycle skip distance would be too great, and a lower frequency would have 
to be used. At night, these frequencies w r ould be too high and would 
probably not be reflected back to the earth at all. A frequency in the 
vicinity of 10 megacycles would then be indicated When the path to be 
covered is partly in daylight and partly in darkness, w hich often occurs 
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in east to west transmission, a frequency intermediate to the two above 
frequencies would effect a satisfactory compromise. Uninterrupted 
communication between two fixed points can usually be assured by the 
use of three frequencies. 

Once an operating frequency has been chosen, the optimum wave angle 
for this frequency can be chosen by reference to the chart of Fig. 267. 
This chart gives the maximum wave angle at which a wave of given 
frequency can be reflected from the ionosphere. 

Because of the continuously variable factors affecting the ionosphere, 
the refraction of several 
waves from a given trans¬ 
mitter entering the iono¬ 
sphere at essentially the 
same angle will not he uni 
form. A group of such waves 
may arrive at the receiving 
station in various conditions 
of relative phase. At times, 
they may arrive in phase 
and add, causing an increase 
in signal intensity, while at 
other times, they may tend 
to cancel each other out, 
resulting in a decrease in 
signal intensity, with the 
signal often disappearing 
completely. This variation 
in signal strength may be quite rapid, especially at the higher frequencies, 
and is called fading. 

The effects of fading (‘an be largely eliminated in commercial receiving 
installations by the use of diversity receiving antenna systems. It has been 
determined empirically that when the same signal is received on separate 
antennas 10 or more wave lengths apart it will not fade on all antennas 
simultaneously. When three or more antennas are employed, the possi¬ 
bility of the signal fading out completely on all three antennas is extremely 
small. Commercial installations with such antenna systems use three 
separate receivers, one for each antenna, and the combined output of 
these receivers is fed into a common amplifier system. 

TRANSMISSION LINES 

The physical arrangement entailed in practically all radio stations is 
such that it is usually impossible to connect an antenna directly to the 
transmitter output circuit. Even where such an arrangement is possible, 



Approximate optimum wave angle in degrees 
Vi*. 21.7 
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it iB usually desirable to erect the antenna in the clear, well away from 
surrounding objects with their attendant losses and detrimental effects 
upon the antenna effectiveness. 

Radio-frequency energy is transmitted from a transmitter to an 
antenna by means of transmission lines. A transmission-line network is 
known as a feeder system. An unfortunate tendency exists in some circles 
to describe antenna systems according to the feeder system used. Such 
method of classification is completely erroneous and should be discouraged, 
since it gives rise to ambiguities. The performance of an antenna is 
completely independent of the type of feeder system used. For this 
reason antenna systems and feeder systems are discussed separately in 
this text. 

Transmission lines used in antenna systems are of two general types— 
resonant transmission lines and nomesonant transmission lines . Resonant 
lines are also often called “tuned lines.” 

The Resonant Transmission Line. If a transmission line is infinitely 
long, power applied to it will eventually be dissipated and there will be 
no reflection or standing waves on the line. Every line has a cluiract eristic, 
or surge , impedance, depending upon the size of the conductors, the 
spacing between them, the capacitance between the lines per unit length, 
and the inductance per unit length. If a transmission line is cut to a 
specific length and the line is terminated m a resistance equal to the 
characteristic impedance, there will also be no standing waves, because, 
for the section of line under consideration, nothing has been changed. 
The terminating resistance absorbs an amount of energy equivalent to 
the absorption of a line infinite in length, since the terminating resistance 
is equal to the characteristic impedance of this line if it were infinite in 
length. It must be remembered that the line should terminate in a pure 
resistance. Any reactive component will result in an impedance which 
does not match the surge impedance of the line. 

If a given transmission line is not terminated in its characteristic 
impedance, standing waves of voltage and current will appear on the 
line, and the amplitude of these standing waves will be a function of the 
degree of mismatch. The ratio of the standing wave maxima, or loops, 
to the standing-wave minima, or nodes, is equal to the ratio of the 
characteristic imjiedance to the actual terminating impedance. Thus, if 
a line having 500 ohm impedance is terminated in 50 ohms, the standing- 
wave ratio will be 10. Similarly, if the line is terminated in 5,000 ohms, 
the standing-wave ratio will be 10. In either ease, the standing waves on 
the line will be of the same amplitude, the only difference being in the 
displacement of the node points along the line. 

Since a transmission line of this type is a resonant, or tuned, circuit, 
power could not be put into the line unless the length were such as to 
make it resonant at the operating frequency. In most cases, it is 
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impractical to cut the line to the exact necessary length, so the line is 
tuned by an inductance-capacitance circuit at the transmitter end, as 
shown in Fig. 268. 

Resonant lines are not used for high-power installations or in installa¬ 
tions where the distance is appreciably great because of the losses 
involved. Although the fields about each of the conductors in a resonant 
line are 180° out of phase and therefore cancel to a large extent, the losses 
are considerable if a standing-wave ratio of 10 is exceeded. For low-power 
equipment where transmission-line lengths are short, such as on aircraft, 
resonant lines can be used effectively. 

The Nonresonant Transmission Line. Nonrebonant transmission lines 
are lines which arc terminated in their characteristic impedance and 
therefore have no standing waves on them. They have the major 
advantage that they may be cut to any length. When a transmission 
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line is of the open wire type, that is, when the dielectric is air, 
the characteristic impedance for the line can be computed from the 
formula 

Z - 270 log (4) 

where Z characteristic* (or surge) iinfiedanee in ohms 
b center to-center spacing of wires; 
a radius of the conductor; 

270 a constant. 

The values of b and a can be in am convenient unit, such as 
inches or centimeters, but both values must be in terms of the same 
unit. 

Commercial antenna installations make use of concentric, or coaxial, 
transmission lines. Such linos, although expensive, are very efficient and 
have low T loss. They consist of a wire located in the center of a conducting 
tube, the wire forming one conductor of the line and the tube the 
other. Concentric lines are fitted with special end seals, and the air 
in them is replaced by nitrogen or some other inert gas. This prevents 
condensation of moisture within the line and the electrical leakage that 
w r ould result. 
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The characteristic impedance of a concentric transmission line is 
determined from the formula 

Z = 138 log—> (5) 

a 

where Z -- characteristic (or surge) impedance in ohms; 
b - - inside diameter of outer conductor; 
a — outside diameter of inner conductor; 

138 =- a constant. 

Tliis formula assumes air dielectric* throughout the line. In actual 
practice, of course, the inner conductor is supported by ceramic spacers 
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placed at intervals along the line. 11 the spacers are widely spaced, 
however, the error is negligible. 

The proper terminating impedance for a nonresonant line is obtained 
by connecting the line to the antenna at a point where the impedance 
equals the characteristic impedance ol the line. Low-impedance (55 to 
100 ohms) lines can be connected directly to the antenna at a point of 
current loop. The popular twisted pair lines and concentric lines are of 
this type. 

Open-wire lines usually have impedances on the order of 400 to 700 
ohms. Lower impedance open-wire lines arc impractical because of the 
extremely close spacing required. One very popular method of achieving 
a match at the antenna end is to employ the delta coupling shown in 
Fig. 200. The final section of the transmission line is fanned out until its 
spacing gives the desired impedance. The antenna end of this line section 
will then have an impedance equal to the antenna at this point (across C, 
Fig. 209). The lower end of the line section will match the impedance 
of the transmission line. 

Another method of matching transmission-line impedance to that of 
the antenna is by the use of so-called quarter-wave stubs, or matching 
sections. In this arrangement a quarter-wave length of transmission 
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line acts as a step-up or step-down transformer. It has been shown that 
any two resistances that do not differ too greatly may be matched by 
inserting between them a quarter-wave length line having the proper 
characteristic impedance. The required characteristic impedance of 
such a line section is obtained from the equation 

Z =- VZ a Z l% (6) 

where Z - surge impedance of matching stub; 

Z A = antenna impedance; 

Z L = surge impedance of transmission line. 

It should be remembered that since the antenna is operated at reson¬ 
ance, Z = R and the antenna will present a pure resistance load. Thus, 
if the antenna resistance is SO ohms and it is desired to match a 500-ohm 
nonresonant line to it, a quarter-wave stub having an impedance obtained 
from Eq. (6) should be used, or 

Z - V 500 * SO, (7) 

Z 200 ohms. (8) 

If the available wire size is known, the spacing required in the matching 
section can be obtained from Eq. (4). 

COVE LING METHODS 

The factors to be considered in transmitter-antenna coupling circuits 
are maximum transfer of energy nt the operating frequency and minimum 
transfer of energy at any other frequencies, notably the harmonics. As 
was discussed in a previous chapter, maximum transfer of power between 
two circuits occurs when the impedance of the source is equal to the 
impedance of the load. Jf the antenna is fed by a iionresonant trans¬ 
mission line propcrl> matched and balanced, the load impedance presented 
to the iinal stage of the transmitter will equal the surge impedance of the 
transmission line. All that is necessary, therefore, is to match the 
impedance of the final transmitter-stage output circuit to the character¬ 
istic impedance of the line, which is most efficiently accomplished by 
means of a transformer of the proper turns ratio. A number of repre¬ 
sentative circuits of this type are shown in Fig. 270. 

The second harmonic content in any amplifier system is greater in 
amplitude than any other harmonic component. Most high-power 
transmitters have push-pull power-amplifier stuges. If the final push-pull 
stage is properly balanced, the second-harmonic content is balanced out. 
Nevertheless, considerable second harmonic current flows in the final 
tank inductance, but is prevented from being transferred to the antenna 
coil by the insertion of a grounded electrostatic shield, as shown in Fig. 
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270(a). Another method which is effective in the suppression of harmonics 
is link coupling , shown in Fig. 270(b). The wide separation between 
antenna and transmitter circuits minimizes electrostatic coupling, which 
is the only path by which harmonics from a push-pull amplifier can be 
transferred. 

The circuit shown at (c) in Fig. 270 makes use of series resonant circuits 
to by-pass undesirable harmonic currents to ground. The resonant 
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circuits are tuned to the second harmonic and offer a low-impedance 
path to ground at this frequency while the fundamental is comparative^ 
unaffected. The ciremt at (c) in Fig. 270 utilizes a series resonant circuit 
in tteriett with the antenna coupling circuit. This resonant circuit is 
tuned to the fundamental frequence and offers low impedance to it. At 
all other frequencies, including the harmonics, the impedance is high. 

It is required by international Law that all radio stations reduce their 
harmonic output as much as “the state of the art ' permits. This is a 
very broad statement and does not allow 7 for the reduction in efficiency 
that 100 ]>er cent harmonic suppression would effect. In general, a 
radiated wave may be considered iree of harmonics if the second harmonic 
content does not exceed 0.02 per cent of the carrier at a distanee of 
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approximately 1 mile from the transmitter. In high-power transmitters, 
a second harmonic content of 0.05 per cent is acceptable. 

QUESTIONS AND PROBLEMS* 

1. What is the directional reception pattern of a vertical antenna ? 

2. What is the primary reason for terminating a transmission line in an 
impedance equal to the characteristic impedance of the line? 

8. In general, what type of antenna is most suitable for broadcast stations ? 

4 . If a vertical antenna ha* a resistance of 500 ohmH and a reactance of 
zero at its base and antenna power input of 10 kw, what is the peak voltage 
to ground under 100 peT cent modulation ? 

5. If o vertical antenna is 405 ft high and is operated at 1,250 kc, what is 
its physical height expressed in wave lengths (1 m equals I1.2H ft )! 

8. What must be the height of a vertical radiator 1 wave length high if the 
operating frequency is 1,100 kc f 

7. What is a dumm> antenna ; 

8. What is the antenna current when a transmitter is delivering 1)00 w 
into an antenna having u resistance of L(> ohms 1 

9. If the dav input power to a certain broadcast-station antenna having 
a resistance of 20 ohms is 200 w, what would be the night input power if the 
antenna current were cut in half ? 

10 . A long transmission line delivers 10kw into an antenna; at the trans¬ 
mitter end the line current is 5 amp, and at the coupling house it is 4.H amp. 
Assuming the line to be properly terminated and the losses in the coupling 
system negligible, what is the power lust in the line * 

* These questions and problems uro taken from the 1 K ( 1 V Study (luido tor Commercial 
Kudin Operator Examinations " 
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The directional characteristics of antennas have already been discussed 
in Chap. XV. Such characteristics are fixed for a given transmitting or 
receiving antenna; that is, once the antenna is installed, the direction 
of maximum sensitivity or radiation cannot lie changed. The develop¬ 
ment of the hop antenna made possible the variation of directional 
characteristics at will by actual physical displacement of the antenna 
itself. By using a sensitive receiver in connection with a loop antenna, it 
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is possible to ascertain the direction from which a radio signal is arriving 
with relatively good efficiency. Such a system is called a radio direction 
finder and finds wide application among marine and air navigators as a 
means of obtaining bearings from a known point when the use of visual 
sights is impossible because of weather conditions or too great distance. 

THE RADIO DIRECTION FINDER 

Principle of Loop Antennas. The heart of a direction-finding system 
is the loop antenna. A loop antenna is essentially a large coil, and, although 
it may be of any ouiivemcnt shape, the most commonly used loops are 
circular 01 square in section, as shown in Fig. 271. In conjunction with 
the tuning capacitor across its input terminals, the loop forms a tuned 
resonant circuit. The number of turns in the loop coil, therefore, depends 
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upon the frequencies that are to be received and the frequency range to 
be covered. 

The theory of the loop is best described by considering the case of a 
square, or rectangular, loop antenna in the path of a radio wave. When 
the plane of the loop is |>erpendicular to the direction of wave travel, 
that is, broadside to the oncoming wave, the voltages induced in the two 
legs are in phase and of equal magnitude, as shown in Fig. 272(a). The 
resulting current flow will be in opposite directions around the loop. 
Since the currents are equal. they will cancel each other, resulting in 
zero response. 

When the plane of the loop is parallel to the direction of wave travel, 


Direction of 
wave travel 



i(X) (b) 

Vm 272 


the wave front reaches 1 he two legs at slightly different times. The 
voltages induced in the two legs mi 1 therefore unequal at any instant and 
differ slightly in phase. The loop voltage, then, is the vector sum of these 
two voltages. As the loop is rotated toward the previous perj>endicular 
position, this resultant voltage becomes smaller until it reaches zero at 
the perpendicular position; but when the plane of the loop is parallel 
to the direction of w r ave travel, the resultant voltage is greatest. Maximum 
response, or sensitivity, therefore results at the parallel position, as shown 
in Fig. 272(b). 

The sensitivity of a loop antenna varies directly with the cosine of the 
angle that the loop plane makes with the direction of wave travel, as 
shown in Fig. 27,‘J. The plane of the loop is depicted as a single line as 
viewed from directly above. The vertical legs appear as the points A 
and B, and point 0 represents the center, or axis, about which the loop 
rotates. As has been shown, the response of a loop de]>ends upon the 
magnitude and phase of the voltages developed in the two legfl by the 
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radio wave. The latter, in turn, depends upon tlie effective distance of the 
legs from the loop center in the direction of wave travel. Since the loop is 
symmetrical, the distance of either leg from the center is equal to the 
distance of the remaining leg from the center. The loop response can 
therefore be conveniently taken as a direct function of the effective 
distance of one of the loop legs from the loop center. 

In Fig. 273(a). the loop is at maximal position. The effective distance 
of leg B from the loop center in the direction of wave travel is therefore 
equal to the actual distance, or OB. In this position, the plane of the 
loop is parallel to the direction of wave travel, and the loop consequently 

makes an angle of () u with the wave 
direction. Since the cosine of 0° is 1 
(Appendix Table III), maximum loop 
response is indicated by unity. 

When the loop is rotated through 
30 , as shown in Fig. 273(b), the 
voltage induc ed in leg B f with respect 
to loop centei 0 will be of the same 
phase and magnitude as if the loop 
had been contracted in size to the 
dimension OC, since only a change in 
distance along thi line of wave travel 
will effect a change in magnitude and 
phase of the induced loop \oltage. 
The distance OC can therefore lie 
taken as the efjtctnw distance of leg 
B' from tlie loop center at the 30‘ 
position. The sensitivity of the loop was at maximum at position OB. 
The sensitivity at the 30 position is in the same proportion to maximum 
sensitivity as the length of line 0( 1 is to the length of line OB. Expressed 
mathematically, 

OC 

sensitivity at 30 c - ■ (l) 



Direction of 
l¥2 i € travel 

ta) <b\ 

Fig. 273. 


Since tlie distances OB and OB' are identical, Eq. (i) becomes 


sensitivity at 30" = 


oc 

OB'’ 


m 


However, in triangle OB '(angle B'OC is 30°, and by trigonometry 


OC 

OB' 


= coa 30°. 


( 3 ) 


Substituting in Eq. (2), 

sensitivity at 30 J = eos 30' ~ 0.88603. 


( 4 ) 
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Equation (4) gives the sensitivity at the 30° position as a proportion 
of maximum sensitivity. Since the sensitivity at maximum position has 
been taken as unity (cosine of 0° equals 1), the sensitivity at the 30° 
position is the 0.88603 part of 1. Stated in another way, the sensitivity 
at 30° is 86.603 per cent of maximum sensitivity. 

Loop sensitivities at 0°, 30°, 45°, BO'', and 90 u are shown in Fig. 274. 
In Fig. 274(e), the loop is in the 90 position, that is, perpendicular to 


0 • 30 a 45 9 60 9 90° 

cos 0*1 C0$3Q* 86603 Cos 45' low cm 60* s as Wo 



Maxima Minima 
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Fit. J74 VaiiHtiiui of loop sensitivity with rotation 


t.lie direction of wave travel. Consequently, the distance OV becomes 
zero, and cosine 90 becomes 


cos 90 


0 

oir 


(ft) 


Loop sensitivity at 90 is therefore zero, or minimum. 

The variation of loop sensitivity with the degree of loop rotation can 
be seen in Fig. 274. Thus, for a rotation of 30* from zero position, the 
loop sensitivity decreases from the maximum of 1 to 0.88603. This 
represents a decrease in signal strength of approximately 13 per cent. 
For a similar amount of rotation from minimum position (rotating from 
90 u to 60 ), the loop sensitivity increases from 0 to 0.5, which represents 
an increase of 50 per cent in signal strength. For the same amount of 
loop movement (30 ), the loop sensitivity changed 50 per cent from 
the minimum position compared with only 13 per cent from the maximum 
position. It is evident, therefore, that it is possible to obtain a much 
sharper minimum than maximum with the loop antenna. 

The variation in sensitivity for any degree of loop rotation can be 
taken directly from a table of natural cosines. Thus, rotating the loop 
through 5° from maximum position (rotating from 0 to 5*') decreases the 
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sensitivity from 1.0 to 0.99619, a change of only 0.3 per cent. Rotating 
the loop through 5° from minimum position (rotating from 90° to 85°) 
increases the sensitivity from 0 to 0.08716, a change of 8.7 per cent. 
For this reason the minimal position is used in taking radio bearings. 

There are a number of factors that may cause error in bearings obtained 
with the radio direction finder. These include unbalance (electrostatically) 
to ground, presence of conducting objects in the loop vicinity, and recep¬ 
tion of horizontally polarized sky waves. Since the last factor is especially 
troublesome at night, it is often referred to as night effect. These factors 
cause spurious bearings due to shifting of the null, or minimal point, 
from its proper position and often make it impossible to obtain any 
minimal position at all. 

Loop Balance. When a loop antenna is electrostatically unbalanced 
to ground, the voltages m the two vertical legs will not be equal with 



respect to ground and therefore will not cancel out, because one side of 
the loop has a larger capacitance to ground with a resultant larger current 
flowing through this capacitance. The larger current causes a signal to 
be delivered to the receiver even though the loop is in the zero-response 
position. In some eases, loop balance may bo obtained at other than the 
true zero position. 

Errors from loop unbalance can be minimized by utilizing receiver 
circuits that arc symmetrical with respect to ground. For this reason, 
most direction-linder receivers use balanced push pull input r-f stages. 
Typical input circuits are shown in Figures 27/), 276, and 277. In the 
circuit of Fig. 275, residual unbalance ui the loop existiug despite the 
symmetrical input circuit is compensated by introducing a voltage from 
an additional vertical antenna. By means of a threc-section condenser 
(two stators and one rotor), the additional voltage may be coupled to 
either side of the loop circuit, permitting accurate adjustment of the loop 
null point. Correct setting is indicated by the adjustment at which a 
loop rotation of 180° does not affect the null. The vertical-antenna 
switch is utilized to switch this antenna from balance connection to 
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sense-antenna connection. 'This function is discussed in a following 
section. 

In addition to the symmetrical circuits and connections discussed in 
the foregoing paragraphs, the use of an electrostatic shield about the 
entire loop antenna will further decrease loop unbalance. Such a shield 
ensures the same capacity to ground for all parts of the loop, regardless 
of the position of the loop. An insulated bushing is inserted in this metal 
loop housing (see Fig. 277) to prevent the shield from acting as a 
single short-circuited turn. The shielded loop is sensitive only to the 
magnetic component of the radiation field. 

Loop Calibration. Wires and other conducting objects in the vicinity 
of a loop, such as metal stays and cargo booms aboard ships, and wings, 
struts, and so on, aboard aircraft, extract energy from radio waves. As 
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a result, induction fields are produced by these objects and induce spurious 
voltages in the loop circuit. Loop minimal positions consequently vary 
from the proper setting when obtaining bearings from certain directions. 
For tliis reason, each radio directionfinder installation must be sej)arately 
calibrated aboard the ship or aircraft upon which it is installed. The 
calibration must be made with the identical conditions under which the 
direction finder will normally be used. Thus, aboard an airplane, the 
calibration should be made with the ship in flight, landing gear retracted 
and all other radio antenna and external gear secured or in normal 
position. 

Calibration is accomplished by making simultaneous sight and radio 
bearings at intervals of a few degrees throughout 360° of rotation of the 
ship or aircraft with resjiect to a fixed transmitting station. Aboard 
ship, simultaneous pelorus and radio bearings are usually taken of a 
lightship while the steamer swings through 360 compass degrees. The 
procedure is similar with aircraft, the airplane maneuvering through 
360 compass degrees while simultaneous sight and radio bearings are 
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taken of a ground radio transmitting station. Pelorus bearings in this 
case are taken of the transmitting-station radio tower. 

From the foregoing sets of bearings, the radio bearing error as checked 
against sight bearings is obtained for a number of points throughout 
360°. A correction curve can therefore be plotted giving the continuous 
error of the loop throughout the 360°. 

Radio bearings are customarily taken from a loop pointer mounted 
over a compass card in a conventional compass binnacle. The more 
modem ships utilize a gyrocompass instead of the usual magnetic compass. 
Because radio bearings are taken at loop minimum, the loop pointer is 
normally set at 90 n from the plane of the loo]) antenna. If no external 
errors existed, this 90 c relationship between loop and pointer would be 
maintained throughout the entire circle of rotation. Practical radio 
direction finders, however, permit the adjustment of the pointer with 
respect to the loop at various positions of the circle by means of a cam 
arrangement. Once the correction curve has been obtained as outlined 
above, the various cams throughout the circle of rotation are set to 
correspond with the necessary correction as determined from the curve. 
The relation of pointer to loop will then vary from 90 f by the proper 
amount throughout the circle and thus compensate for any error intro¬ 
duced by fixed objects aboard ship. 

Night Effect. Horizontally polarized waves traveling in a downward 
direction are often present and result in the introduction of induced 
voltages in the horizontal portions of a loop antenna. Such voltages 
prevent complete cancellation of the loop voltages at the true mill position. 
Hence, zero resultant voltage is not obtained when the plane of the loop 
is perpendicular to the direction of wave travel, and as a result of the 
additional horizontal voltage components, minimum signal often occurs 
at false positions and usually varies continuously. Since downcoming 
radio waves arc produced by ionosphere aetion (see 1 "hap. XV), this 
effect is particularly noticeable at night, and for this reason it is often 
called night effect. Might effect determines the ultimate usefulness of 
the type of loop antenna under discussion as a direction iinder. To date, 
no method has been discovered to overcome this disadvantage in the 
conventional loop antenna. A special type of loop antenna, called the 
Adcock antenna, is not subject to the effects of downcoming horizontally 
polarized waves. In its simplest form, the Adcock nnteuna consists of 
two vertical antennas so coupled that there is no effective horizontal 
component. Because this antenna is, in effect, a single-turn loop, the 
size of antenna required for sufficient energy pickup prohibits its use in 
most applications. 

The Sense Antenna. The loop antenna is fundamentally a bidirectional 
device. Thus, for a given radio wave, there are two positions of the loop 
18U W apart at which a null indication can he obtained, since the loop 
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plane is perpendicular to the direction of wave travel at either of these 
positions. Usually, this bidirectional characteristic is unimportant, 
because the transmitting-station bearing is customarily known within 
180°. Thus, if an east-west bearing is obtained aboard a ship at sea, the 
true bearing is easily ascertained because the general direction of the 
shore from the ship is usually known. Nevertheless, there are a number 
of situations where an absolute unidirectional bearing is desirable, 
especially aboard aircraft. 

A radio direction finder can be made a true unidirectional device by 
the use of a small nondirectiunal vertical antenna. When used for this 
purpose, such an antenna is called a kt sense antenna.’* As previously 
discussed, the loop response at maximum signal position depends upon 
the vector difference between the voltages induced in the vertical legs. 
If the signal voltage picked up by the vertical antenna is added to the 
leg of the loop that is toward the transmitting station at maximum 
position, the effective loop response is increased. If the vertical antenna 
is coupled to the side of the loop away from the transmitting station, the 
effective loop response is decreased. 

The sense untenim is coupled to the loop through a high series resistance, 
which has the effect, of great 1\ decreasing the sonse-antenna sensitivity. 
Were it not for this resistance, the voltage added to either loop leg by 
the vertical antenna w ould be so great that an increase of signal would 
result m either of the loop maximum positions. When the proper amount 
of resistance is used, just enough voltage is added to the loop leg away 
from the transmitting station to balance out the normally greater voltage 
in the leg towatd the transmitting station. 

In normal use without sense antenna, tlie loop response depends upon 
the amount by which the voltage in the forward vertical leg (the leg 
toward the transmitter) exceeds (\octorially) the voltage in the remaining 
vertical leg Coupling the sense antenna to the forward vertical leg of 
the loop increases the voltage in this leg. Since the voltage in this leg is 
already greater than that in the other leg, the result is an increase in 
signal strength, since the vector difference between the two leg voltages 
has been increased. This increase occurs despite the fact that the 
additional voltage introduced by the hcurp antenna is comparatively 
small owing to the resistance in the circuit. 

In obtaining a unidirectional bearing, the procedure is as follows: 
The bidirectional bearing is obtained by rotation to the null point in 
the conventional manner. The loop is then rotated 90° to maximum 
position in a certain direction. The direction in which to turn varies with 
the particular type of instrument and is specified by the manufacturer. 
The sense antenna is then coupled to the loop by a switch. If the signal 
increases, the signal direction, or “sense/’ as it is called, is in one direction. 
If the signal decreases, the sense is in the opposite direction. The null 
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position, which, of the two, is the correct bearing when an increase in 
signal results from the foregoing procedure, is specified by the manufac¬ 
turer, since it depends upon which of the vertical legs the sense antenna 
is coupled to when the switch is closed. 

The United States government has established a chain of radio stations 
along both the Atlantic and Pacific coasts to facilitate the procurement 
of radio bearings by the use of radio direction finders. These stations, 
although they serve as beacons to the mariner, are not radio beacon 
stations in the technical sense. The signals are broadcast in all directions 
by the stations, and the transmitting antennas have no directional 
characteristic. Charts showing the locations and schedules of these 
stations are distributed through the U.S. Coast Guard. Such stations 

transmit an identifying sig¬ 
nal at regular intervals 
during a certain period each 
hour of the day. The iden¬ 
tifying signal usually con¬ 
sists of a letter of the Morse 
code and is transmitted 
very slowly so that persons 
unfamiliar with the code 
can easily recognize them. 
Stations located in the same 
general area have their schedules staggered throughout each hour in 
order to avoid possible conflict 
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THE AIRWAY RADIO BEACON 

The ficld-intcnsitv pattern of a loop antenna is essentially two tangent 
circles, as shown iu Fig. 278. It will be seen that radiation from a trans 
mitting loop antenna is suppressed in both directions at right angles to 
the plane of the loop while maximum radiation is obtained in the direc¬ 
tions in line with the plane of the loop. If two such loop antennas were 
installed at right angles to each other, the resulting field pattern would 
appear as shown in Fig 279. Tn the areas in which the adjacent loop 
patterns overlap, the signals from both loop antennas are audible. 

Airway beacon, or radio-range , stations utilize such an antenna system 
to assist in the navigation of aircraft by radio. A radio transmitter feeds 
energy modulated at audio frequencies first to one loop and then to the 
other by an automatic motor-driven switch. This energj r is keyed to 
produce the Morse code character N in the field formed by the N antenna 
in Fig. 279 and the character A in the field of the A antenna. 

The relative disposition of the keyed characters is shown in Fig. 280. 
The energy above the center line is directed to the N antenna, and the 
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energy below the line is directed to the A antenna. ]t will be seen that 
as the energy is switched from loop to loop for the intervals shown, the 


N 



N 


I 4 u 27*1 

letter* N and A will be formed b\ the Held pattern* of the respective loops. 

An airplane flying within an V held, or N-quadrant> will receive a 
constant repetition of the letter N If the plane i<* within an A quadrant, 


N 



A 

Fro. 2SU A and A signal dltornution 


tho letter A will be heard continuously, ft follows that if the plane enters 
the shaded area within two intersecting quadrants, both N and A will 
be beard, but one letter w ill predominate, depending upon which quadrant 
tho airplane is in. If the airplane is in the central portion of the shaded 
area, the signals N and A will be received with equal strength. The dots 

10—(N.Y) 
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and dashes forming ono letter will merge with the spaces of the other, 
and a continuous note will be heard, because the dash of the N is trans¬ 
mitted first, then the dot of the A , then the dot of the N, and then the 
dash of the A. The same would be true at any other point on a lino 
drawn through the center of eaeli of the four zones of o\ erlapping signals. 
Because 1 of the inefficiency of the human ear in detecting small changes 
in signal intensity, there is a considerable area on each side of the line of 
equal signal strength in which the signal is actually heard as a continuous 
tone. The width of this area, or courM* has been found in practice to 
average 3" for the average human ear. 

The course signs (A and A T ) are broadcast for 30 sec, then they are 
interrupted, and the station identification signals arc broadcast twice, 
once from each loop. The station identification signals require 7 sec to 
transmit, resulting in a complete sequence every 37 see. Present systems 
transmit 12 >Ts and 12 JVV between station identification signals. 

Immediately above the range station is an implied cone-shaped area 
where the loop signals cancel each other and no signal is radiated. This 
area is known as the “cone of silence." When a pilot is Hying towaid the 
station along the course, the stlength of signals gradually becomes 
stronger until relatively close to the range, where they rapid! \ increase 
in strength. As the airplane (Kisses over the range, the signal suddenly 
disappears as the cone of silence is entered and suddenly reappears as 
the signal zone is entered on the oihoi side 

In radio-range thing, the pilot follows any one of the four courses, 
eommorih called the beam, on which the continuous tone is heard. If 
he hears only the A or the X transmission, lie can tell that he is either 
to right or to left of the beam. If the A or A 7 signal strength is increasing, 
he is flying lotra/d the beacon; if decreasing, he is Hying away from the 
beacon. In either ease, the beam can bo picked up by altering the course 
90 c and maintaining the new course until the beam zone is intercepted. 
The course is then again altered !)() in the reverse direction, and the 
aircraft will be fixing ‘on the beam," as it is called, and traveling tow r ard 
the beacon, or range, station. The direction of tiavel is further checked 
by not ing the increase in beam-signal strength as the station is approached. 

The pilot knows lie is passing over the station when the cone of silence 
is reached. Thereafter, t ho beam signal decreases in intensity. By 
successively increasing the receiver volume control, the pilot retains as 
long as possible the beam of the station that he is leaving and then picks 
up the beam of the next station on his course. 

As installed on flip airways, the range assembly is oriented so that the 
courses fire aligned in the directions desired. By correctly distributing 
the stations geographically and aligning successive courses, a system of 
airways has been marked out in much the same maimer as the develop¬ 
ment of a modem liighw ay netw ork. 
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Like the broadcast band, the aeronautical radio range band (200 to 
400 kc) must accommodate a groat number of stations, and some inter¬ 
ference is unavoidable. To eliminate nil danger of mistaken identity, 
each station is assigned an individual one- or two-letter station identifi¬ 
cation signal. As previously described, these identification signals are 
transmitted once from each loop between each series of A and N 
sequences. Each radio-range station operates on a designated frequency. 
Therefore, only one radio range can be received at any one pla<*c on the 
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dial. The pilot is consequently provided with two means of identifying 
a radio range .station, by the station frequency or dial setting and by the 
station identification signals. 

Radio-range Ante nna Systems. The loop type of range described in 
the foregoing was the earliest practical development of radio-range 
equipment and was entirely satisfactory for daytime flight operations. 
With the advent of night flying, the night effect previously described in 
loop antennas precluded satisfactory definition. Modem range stations 
utilize a system of four vertical antennas in [dace of two loops. Since the 
field intensity of a vertical radiator is essentially u circle, the resulting 
field pattern of four such radiators is equivalent to that obtained with 
two loops and is shown in Fig. 281. 

The loop type of station is relatively inexpensive in initial cost and in 
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maintenance. For that reason, a great numbor of loop stations are 
operated at points where distances hi excess of 30 miles are not required. 
These loop-type stations are useful to fill in gaps along the airway, mark 
airway intersections, and pro\ ide range courses to emergency fields and 
as localizers for low-approach procedure at airport terminals. With the 
loop type of station, it is possible to transmit both range signals and 
weather-broadcast reports, but not simultaneously. The utilization of 
vertical-antenna systems for range stations permitted the development 
of simultaneous rnuge stations. 

Simultaneous Range Stations, in order to transmit a weather report 
in the loop system, the range signals must be discontinued and tbe entire 
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system operated as a radiotelephone station. When this is done for the 
benefit of one group of aircraft, another group may he flying on instru¬ 
ments and depending upon unintenupted range for accurate navigation. 
The groat number of requests for continuous range operation by pilots 
on instruments prompted the development of the simullanwu^ range 
station. Sueli stations arc capable of simultaneously broadcasting range 
signals and radiotelephone messages on the same frequency. 

A typical simultaneous-range station system employs four vertical 
towers 120 ft high which are placed at each comer of a square measuring 
600 ft on a side. Kach pair of diagonally opposite towers produces the 
same figure-8 field-pattern configuration as obtained Irom a loop antenna, 
and each such pair is excited bv the same keying sequence (A or N). In 
addition to the four comer towers, there is a center tower which operates 
as a conventional antenna. Figure 282 shows the disposition of the four 
range tow r ers about the central broadcast tower. The field pattern radiated 
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by the system is shown in Fig. 283, the largest circle representing the 
field of the central broadcast tower. 

In operation, the center tower continuously radiates an r-f carrier 
signal at the frequency assigned to the station. The N and A range 
signals are radiated from the two pairs of corner towers. These signals 
are unmodulated and are radio frequencies 1.020 c higher than that of 
the center tower. A receiver tuned to the assigned frequency of the 
station will receive signals radiated from the center tower and, in addition, 
the signals radiated from the four comer towers. The difference of 1,020 c 
separating these two transmitted signals will cause a beat note of 1,020 c 
to be developed in the receiver. Since neither the center tower nor the 
outer signal towers are modulated, no audible response will be obtained 
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from one or the other of these signals However, the two signals heard 
together develop an audible beat note corresponding to the frequency 
separation 

The signal resulting from the boat note sounds exactly as though a 
single frequency transmitter were modulated at 1,020 c. In practical 
operation it is almost impossible to distinguish between the range signals 
reeeixed from a simultaneous station and those received from a loop-type 
station. 

When radiotelephone messages are to lie burn (least, the carrier radiated 
from the center tower is modulated at regular voice frequencies. The 
beat-frequency action bclween the carrier of this center tower and the 
carriers of the cornel 1 towers remains unchanged. Til addition to the beat 
note, the modulation resulting from the voice broadcast is also heard in 
the earphones by the pilot. In order to eliminate confusion, the radio¬ 
telephone and radio range signals arc filtered out between the audio 
output of the receiver and the earphones. The filter is composed of 
two sections, one to filter out the range signal and the other to filter out 
the voice signal. Either filter may be switched into the circuit at will. 

A typical filter circuit of this type is shown in Fig. 284. Both sections 
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of the filter consist of inductance-capacitance networks. The range 
section of the filter network consists of a band-pass filter designed for 
minimum attenuation at 1,020 c with constantly increasing attenuation 
to approximately 900 and 1,100 c, where sufficient attenuation is obtained 
to eliminate entirely frequencies lielow and above these limits. When 
the earphones arc connected to the terminals of this filter section, only 
the radio-range signals are heard. 

The radiotelephone section of the filter consists of a band-elimination 
filter designed for maximum attenuation at 1,020 c with cutoff frequencies 
of approximately 8110 and 1,250 c. The elimination of the 1,020-c com¬ 
ponent from the voice broadcast causes a small but negligible loss in 
quality of the speech. When the earphones are connected to the terminals 
of this filter section, only the radiotelephone signals are heard. 

A switching arrangement in the tilter network output permits either 
pilot or co pilot to listen in any one of three positions—range signal, 
radiotelephone signal, or both. Under normal conditions, the switch is 
left in the position where both types of signals can be heard. When no 
weather reports are being broadcast, the pilot “rides the beam" in this 
position of the switch. When a weather broadcast commences, the co¬ 
pilot can shift his switch to the radiotelephone position and copy the 
telephone message without interference. At. the same lime, the pilot can 
turn his switch to the range position and continue to ride the beam 
without interference from the voice broadcast. 

Bent Courses. Radio ranee courses, which theoretically should be 
perfectly straight, may be found to have kinks or bands. This condition 
is most likely to occur where the courses pass (‘lose to, or over, hilly or 
mountainous terrain, laigc bodies of water, or mineral deposits. Under 
such conditions a course is sometimes broken up into several parallel 
courses, usually referred to as multiple courses. Multiple courses are 
extremely difficult to follow because lhc\ arc vciy narrow and usually 
very erratic. They are also extremely confusing to the average pilot 
wiio has had limited experience with them. A multiple course may have 
the same signals on both sides, or it jna\ have the normal signals on either 
side, or it may have the signals reversed. Rent courses, sometimes called 
dog-leg courses, usually arc of little consequence, since the bend generally 
is small and away from arid around the obstruction that caused it. In 
mountainous country, however, bonds have frequently been found that 
necessitated a change of compass heading of 45 for a short distance in 
order to stay on course. Several such bends may occur on a given range 
within a short distance. Obviously, such a range would be hazardous to 
a pilot who w r as not familiar with that particular range and its peculiar¬ 
ities. These conditions may be found anywhere, but generally they are 
confined to hilly or mountainous country. A bent course creates the 
impression that the course is swinging if the airplane proceeds on a 
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straight line. Theoretically, the only time that courses actually do swing 
from their fixed position is usually for a short period at sunrise and 
sunset. This phenomenon is due to night effect with loop-type range 
stations and has been practically eliminated with the more modern 
simultaneous-type range station utilizing vertical radiators. 

In many eases, range courses are intentionally shifted to produce a 
desired beam alignment. Generally, there are two methods of displacing 
courses from their normal 90 J separation. In both methods, shifting is 
accomplished by a reduction of radiated energy in one or more of the 
vertical antennas. In the first method, called course squeezing, the 
energy radiated from two diagonally opposite towers is reduoed. 
The resulting field pal tern is x ^ 

shown in Fig. 285. Thus, either ^ / 

the fields of both N towers or the \ / 

fields of both A tow ers arc minced, 
depending upon the result desired. 

In the illustration, the X fields 
have been reduced, as shown by 
the heavy dotted lines. The light 
dotted lines show r the original 90° 
course separation with fields of 
equal st length. It will be noted 
that any displacement of course 
is achieved at the expense of a ^ 
corresponding reduction of the / \ 

distance over which the displaced „ s 

1 hir.. ( oiuw* squn*zmg. 

courses may be used. 

After shifting courses in the manner described above, opposite or 
reciprocal courses remain ISO apart, that is, they form a straight, or 
linear, course. The second method of course shifting ir called ‘'course 
bending" and is used when it js desired to create a bend in reciprocal 
courses. Course bending is accomplished by increasing the relative 
energy radiated from one tower above that of the remaining towers. 
The energy radiated from the diagonally opposite tow r er is reduced below 
that of the remaining towers. This arrangement is shown in Fig. 280. 
The result is the squeezing of tw r o courses in one quadrant and an increase 
in separation of the two courses in the opposite quadrant. 

Radio-marker Stations. Radio markers are designed to indicate to 
the pilot flying a radio-range course his position along such a course and 
so to enable him to orient himself w r ith relation to the terrain over which 
he is flying. Such radio markers are of three types— the M, FM [not 
frequency modulation), and Z. 

The M type of marker comprises a low-power radio transmitter with a 
nondirectional antenna system. All such markers operate on the Bame 
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frequency as the range station on whose course they are located. Their 
signals are received by the pilot as an interference on the range signal 
without the necessity of retuning his range receiver. Signals from these 
markers are received as a continuously repeated single letter of the 
alphabet in Morse code, which identifies the marker, and the power of 
the markers is such that they may be heard only in the immediate vicinity 
of the marker. They provide only a general check on position, since the 
distance over which they may be heard is affected by differences in 

antenna efficiency, night effect, 
and the sensitivity of tlic re 
ceiver xised aboard the aircraft. 

The FM (fan marker) type 
comprises a u-h-f transmitter 
having an output power of 
approximately 100 w and a 
directive-antenna system. The 
fan marker operates on a fre¬ 
quency of 75 megacycles, and 
its use necessitates the instal¬ 
lation of a u-h-f receiver in the 
airplane in addition to the 
standard 1-f range receiver. 
Fan markers are located along 
the airway that they serve, 
and, as their name implies, 
their radiated field pattern is 
in the shape of a fan, extending 
vertically upward from the 
transmitting antenna, which 
has its major axis at right angles to the range course and its minor axis 
parallel to the range course. This effect is obtained by an antenna 
system consisting of a horizontal dijjole antenna and a semicyJindrical 
reflector element, as shown in Fig. 287. 

The signal from the FM transmitter is modulated with an audio 
frequency of 3,000 c. This modulation frequency is further keyed in one-, 
two-, three-, and four-dash groups in order that the fan marker may be 
identified with a particular leg of the range station. In addition to 
providing the aural 3,000-c tone that the pilot hears in his headset, the 
transmitted signal actuates a light, so that both aural and visual indica¬ 
tion is given the pilot when his position is over the fan marker. By 
observing these indications, the pilot may accurately locate his position 
along a range course. 

The Z (zone) marker comprises a u li-f transmitter with an output 
power of approximately 5 w and a diroctive-antenna system. This type 
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of marker also operates oil a frequency of 75 megacycles, and the same 
receiver may therefore be used on the aircraft for the reception of both 
Z marker and FM marker signals. The directive antenna system of the 
Z marker is so designed that a vertical, cylindrical field pattern is radiated. 
The antenna system is located in such a way that this radiated field 
pattern coincides with the cone of silence of the radio-range station. The 
75-megacyclc carrier of the Z marker transmitter is modulated by a 
continuous 3,000-c tone to provide the pilot with an aural signal and also 
to actuate the light indicator. 

The Z marker is designed to provide a position identification of the 
cone of silence of the radio range and does not in itself provide the pilot 

Horizontal 

- 11 -— dipole antenna 



Fn 2H7 Antonnu systom employed fui (tut mai kei stations 


with a definite indication of his position over the range station. The 
cone of silence must be relied on to furnish the pilot with this information. 
However, since the cone of silence is a negative indication, and since 
similar negative indications ma t v occur because of a faulty receiver, a 
momentary failure of the transmitter power, fading, and other conditions, 
the primary function of the Z marker is to provide a positive means of 
identifying the true cone of silence of a radio range station. 

Complete information regarding radio ranges, Z, FM, and M markers, 
weather broadcasts, and other radio facilities operated by the Civil 
Aeronautics Administration for the benefit and guidance of airmen is 
contained in “Tabulation of Air Navigation Radio Aids,” published 
monthly by the CAA. 

The Airway landing Beam. An explanation of radio-range flying 
between radio-range stations was outlined in an earlier section of this 
chapter. It is possible to effect instrument approaches to airports by the 
use of the radio range and the sensitive altimeter alone. However, 
certain limitations on the use of these instruments have been recognized, 
and, as a general rule, instrument approaches are very seldom attempted 
when the ceiling is less than 300 ft and visibility less than 1 mile. This 
meanB that flight schedules are limited by weather conditions, which 
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must be above certain prescribed minimums. Unquestionably, the 
vagaries of weather conditions are the one limiting factor in absolute 
regularity of schedules. The air-transportation industry has long felt 
the need for an instrument landing system that would permit landings 
to be made under conditions of zero oeiling and visibility. Here again, 
the problem became one in which radio appears to be the only solution. 
The National Bureau of Standards and the old Bureau of Air (Commerce 
of the Department of Commerce have made exhaustive tests on various 
systems of radio aids for instrument, or blind, landings. The first system 
was the landing-beam runway-localizer radio-marker system developed 
by the Bureau of Air Commerce. The second was au adaptation of the 
U.S. Army’s instrument landing system which utilized a radio compass. 
The landing-beam system was developed at the College Park Airport, 
College Park, Maryland, and later tested at the Newark Airport, Newark, 
New Jersey. After the Civil Aeronautics Authority took over the functions 
previously performed by the Bureau of Air Commerce, the entire experi¬ 
mental and developmental program for instrument landing systems was 
moved to Indianapolis, Indiana, where intensive development work is 
constantly being conducted. The present system now in use at Indian¬ 
apolis is a refinement of the original landing-beam runway localizer 
radio-marker system first developed by the Bureau of Air Commerce 
and the National Bureau of Standards. 

This landing-beam system ut ilizes three elements the runw ay localizer, 
the radio markers, and the landing beam. The ninwuy localizer is similar 
in principle to tlie tegular radio range, except that it is on a smaller scale 
and gives precise and accurate directional guidance along the airport 
runway and the approach to the airport. By means of the runway 
localizer, the pilot is enabled to orient himself laterally in approaching 
the landing field. 

The second element of the lauding system comprises two low-power 
75-megac\cle PM-type markers that indicate to the pilot his progress 
toward the airport runwa\. These markers are a small scale version of 
the previously discussed 7 Vinegary ck 1 fan markers in common use on 
the airways. Reception of these markers is indicated ou the aircraft by 
a flashing liglil on the instrument panel. One of the marker stations is 
usually located very close to the edge of the field; and the second marker 
is located approximately 2 miles from the edge of the field. 

The third, and most interesting, element of the landing system is the 
landing beam, which provides the airman with vertical guidance into 
the airport. The landing-beam transmitter operates on approximately 
90 megacycles and feeds a directive-antenna system that radiates a field 
pattern in the vertical plane, as shown in Fig. 288. In the horizontal 
plane, the beam is spread out to afford service over a sector of approx- 
tr;0 This pattern is achieved by means of an array of horizontal 
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half-wave dipoles arranged’ in a vertical sequence, as shown in Fig. 289. 
By proper phasing of the antenna elements (sec Chap. XV), the field 
directly upward is canceled, and maximum radiation occurs at an angle 
of approximately 8° with the ground. 
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In Fig. 288, if an airplane approached the airport along the line XX', 
the signal strength would vary inversely with the distance from the 
transmitter, that is, the volume w uuld increase as the airport is approached. 
There is no w ay in whicli this increase in signal intensity can he utilized 
to provide vertical guidance to the aircraft as it approaches the field, 

since there are any number of angles_ 

of approach that would produce a 
similar increase in intensity. In addi¬ 
tion, such a straight-line approach 
does not coincide with the natural 
gliding approach of an aircraft making 
a landing. 

The best approach to the landing 
field is made by causing the aircraft 
to follow one of the contours of etpial 
field intensity, such as line AB in 
Fig. 288. This path resembles the 
underside of an ellipsoid and very 
closely coincides with the natural 
gliding approach of a plane under 
normal landing conditions. The pilot is enabled to follow r the course of 
equal field intensity by means of a visual indicator, usually a sensitive 
microammeter. The output of the landing-beam receiver is rectified and 
coupled to this meter, and the meter is so calibrated that the desired 
field intensity of the signal produces a deflection of the meter needle to 
half scale. The meter is mounted at right angles to the conventional 
mounting, so that the needle movement is up and down instead of from 
left to right. An increase in meter current causes the needle to move 
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upward; a decrease in current causes the needle to move downward. 
In Fig. 288, it will be seen that any deviation of the aircraft upward 
from the chosen contour {AB) of field intensity will bring it into a region 
of higher field intensity. The meter current will therefore be greater, 
and the needle will move upw ard. Any deviation of the aircraft dtmnward 
from the desired patli will bring it into a region of lower field intensity. 
The meter current will therefore be smaller, and the needle will 
move downw ard. Consequently, in order to follow’ the gliding course, it 
is only necessary for the pilot lo maintain the indicator needle at 
the half-deflection position by appropriate vertical maneuvering of Ids 
plane. 

The landing beam, or vertical-glide, indicator and the ruirway-localizer 
indicator are combined in a single instrument having two movements. 



The pilot is then able to check both vertical and lateral course by observa¬ 
tion of a single instrument. The runway-localizer indicator operates on 
the same principle as the landing-beam indicator, except that it is mounted 
in the conventional horizontal position with the needle moving from left 
to right. Any deviation from the lateral course to left or to right is 
indicated on the instrument by a corresponding movement of the needle 
to left or right. When the proper course (both vertical and lateral) is 
being maintained, the needles of both movements of the instrument arc 
at half deflection and cross in the center of the instrument. The proper 
point of intersection is indicated by a small circle on the instrument 
dial. 

The following procedure is followed in effecting a landing solely on 
instruments (see Fig. 2110). When the pilot reaches the immediate vicinity 
of the airport and passes directly over the radio-range transmitting 
station (cone of silence), his normal range receiver indicates this fart. 
He then tunes his localizer receiver to the frequency of the runway 
localizer and makes a wide circle of the field in a counterclockwise direction 
in order to pick up the signals of the runway localizer. He also throws a 
switch that places a second receiving set in operation to pick up the 
signals of the landing beam. 
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To follow the signals of the runway localizer, the pilot watches the 
vertical needle pointer in the previously mentioned dial on his instrument 
panel. Any fluctuation to right or left of the dial center shows a deviation 
from the true course in the indicated direction. Upon orienting himself 
along the runway course, generally 3 to 5 miles from the field, the pilot 
uses his second receiving set to pick up the signals of the landing beam 
for vertical guidance. From this second beam, he gets an indication on 
the horizontal pointer of the instrument. Without changing his lateral 
direction (staying on the runway-localizer beam), the airman varies 
altitude as necessary to bring the horizontal pointer to the center of 
the dial. 

Continuing toward the airport, the pilot flies so that the needles cross 
in the circle in the center of the instrument. He is then following the 
center line of the course marked by the runway localizer, but with respect 
to the landing beam his indicator directs him along a curved line in the 
under part of the ellipsoidal beam. 

If the aircraft dropped too far below this line, the signals received 
would be weak, and the needle would fall, if it climbed above this line, 
the needle would rise. The curved course where the signal strength remains 
constant brings the plane downward in a sweeping glide. The landing 
path, of course, is so adjusted as to clear all obstructions. 

Following this unseen radio path, the airman approaches the field. 
About 2 miles from the edge ol the field, notice is given him by a signal 
from a marker station on the ground below him, which is reproduced as 
a flash of light on his instrument panel. At this jwint, his altitude should 
be approximately RUO ft, and the pilot checks with the sensitive altimeter. 
Just at the edge of llic field, a signal from a second marker reaches the 
aircraft and is again reproduced as a light flash on the instrument panel. 
Tliis signal gives the pilot warning that he is near the field. If he is now 
at the correct altitude for tliis stage of the maneuver (approximate^ 
150 ft), he continues to follow the landing beam accurately to the point 
where lie is to make contact with the ground 

In addition to the radio features of the blind-landing system, a chain 
of lights is utilized on the ground along the approach to the airport and 
down the runway itself Tliis further facilitates the landing when the 
plane is close to the ground under conditions of poor visibility. 

Thousands of experimental landings have been made with the various 
systems that have been tried during the course of tlie last few years. 
These systems include the Bureau of Standards system described in the 
foregoing, the German system developed by C. Lorenz, and the U.S. 
Army Air Corps system. The Lorenz system is essentially similar to the 
American (Bureau of Standards) system. In the Army system, an instru¬ 
ment landing is effected by use of a radio compass (visual-indicating 
radio-direction finder), a radio-marker receiver and a directional gyro. 
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After the lateral course is established by use of the radio compass on two 
radio stations on the line of the course, the pilot glides in on this course, 
checking altitude by the sensitive altimeter. After gliding down to 
approximately 150 ft over the second marker station, the remainder of 
the landing maneuver is completed with the aid of the regular flight 
instruments, air-speed indicator, tum-and-bank indicator, and rate-of- 
olimb indicator. 

Despite the many experimental landings that have been made with 
the various systems, sufficient service testing has not been conducted as 
yet to warrant the dispatching of aircraft to land at airports where existing 
weather conditions are such as to necessitate the absolute reliance on 
the instrument-landing system. Nevertheless, the constant research and 
development in this field will undoubtedly result in a system permitting 
safe, dependable instrument landings under zero-zero weather conditions. 

The Radio Altimeter. Since the early days of man’s first flight, pilots 
have recognized the desirability of an instrument that would indicate the 
height of the airplane above the terrain over which they were flying 
The present-day type of altimeter indicates altitude with relation to sea 
level only and is subject to the vagaries of error due to changing atmo 
spheric pressure. Since the barometric altimeter is limited to indications 
of the aircraft above sea level, it does not provide indication of actual 
height above the eartli immediately below the aircraft. 

To obtain an instrument that would register actual terrain clearance, 
the aeronautical industry again placed its problem before the radio 
engineers. The radio industry lias now made available a terra in-clearance 
indicator , or absolute altimeter. The present model of this instrument 
is a very complex assembly of radio equipment, and because of its weight, 
cost, and complexity, it has found little application in light aircraft. 
The terrain-clearance altimeter is now undergoing extensive service 
testing by the military and naval services and to a limited extent by the 
larger air lines. 

This equipment is essentially a complete radio station. It includes a 
low-povu*red u-li-f transmitter and a radio receiver, a power unit, trans¬ 
mitting and receiving antennas, and a terrain-clearance meter that 
indicates the altitude in feet above the terrain. 

Absolut altitude above the terrain is indicated by sending a radio 
wave to the ground and timing the interval required for it to reach the 
ground and return to the plane after it lias been reflected from the ground. 
The output of the transmitter is radiated downward by an antenna which 
visually is mounted on one of the lower surfaces of the airplane. The 
transmitter is connected to tile antenna by u coaxial transmission line. 
The frequency of the oscillator in the transmitter is varied, being increased 
and decreased automatically by a modulator. 

The radio receiver is connected through another coaxial line to a second 
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antenna similarly attached'to a lower surface of the plane. The antenna 
is arranged so that a minimum amount of direct wave is received from 
the transmitting antenna while it picks up as much as possible of the 
wave reflected from the ground. 

The direct and reflected signals are applied to a detector circuit in the 
radio receiver. The frequency of the alternating current from the output 
of this detector is equal to the instantaneous difference in frequency 
existing between the direct and reflected signals (about (j c per foot of 
altitude) and is directly proportu nal to the height of the airplane above 
the ground. This 1-f signal from the output of the delector is amplified 
and applied to a frequency meter or cycle-counting circuit, including a 
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meter with the scale calibrated in feet of altitude, which is located on 
the airplane instrument panel in full view of the pilot. The other units 
of the equipment may be located at any convenient position in the 
airplane. 

The operation of the radio altimeter can he better understood by 
referring to Fig. 291. The variation of the frequency of the oscillator in 
the transmitter with tune is indicated by the solid line. The ordinate 
show's the frequency of the wave transmitted to the ground for any 
particular instant of time. 

The frequency is varied from 420 to 445 megacycles and return at the 
rate of GO times per second, so that the rate of change of frequency is 
3 ■ 10® c per second per second. The linear frequency variation shown in 
the diagram is ideal but not essential to the operation of the radio 
altimeter. 

The broken line to the right of the solid line represents the same 
variation in the frequency of the wave reflected from the ground. The 
curve is displaced to the right by a time interval equal to the time 
required for the radio wave to travel to the ground and back to the 
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airplane or to twice the height of the airplane divided by the velocity of 
propagation of the radio wave Expiessed mathematically, 


2H 

0 


( 6 ) 


where H — altitude of airplane above ground in miles, 

C = velocity of radio wa\c (ISO,000 miles per second) 

The reflected wave signal is applied to the detectoi, togethei with some 
of the direct signal from the transmitting antenna These two signals in 

10 POO ■ 

9000 


0000 



the delectoi produce a low beat-frequency signal f, whit h is equal to 
the difference m frequency between them sj is e^ual to the product of 
the time delay t and the rate of change of the tiansiuittlei frequency To 
illustrate Consider an airplane with a radio altimeter A mile abo\c the 
ground The time dela> is \| | 

2H 2 0 r > f | 

_ - 0 0000054 sec (7 

C 18b,000 ; v 1 

The difference frequency from the output of the detectolr is 

ja=- 3 10 9 0 0000054, 

f d — lb 200 c per second, (8) 

or, about 6 c per foot of altitude 

The time delay t shown m the diagram has been greatly exaggerated 
in comparison with the time interval of the modulating fiequencv in 
order to make the description clear 
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It will be noted that the difference frequency f d dropB momentarily 
to zero twice for each complete sawtooth variation of the transmitter 
frequency because it is necessary to increase and then to decrease the 
transmitter frequency. Hence, one altitude measurement is made for 
each increase and decrease of the transmitter frequencj T , or at the rate of 
120 times per second. 

The introduction of the radio altimeter ojjens up a ucw field of air* 
navigation technique and may well be an important factor in instrument 
flying and landing in the future. The importance of this equipment may 
justifiably be compared to that of the indispensable sonic depth indicator 
used by the marine navigator. 

At the take-off of a flight, when the airplane is only about 30 ft above 
the ground level of the airport, a continuous indication of altitude is 
shown by the terrain-clearance meter. As the altitude increases, the 
position of the instrument's needle changes to indicate greater distance 
above the ground until the altitude exceeds 3,000 ft, which is the upper 
limit of the instrument. Then the needle of the instrument remains off 
scale uutil the altitude exceeds 12,000 ft. In the range of 12,000 to 
15,000 ft and abo\c, the needle of the instrument ma\ drop baek momen¬ 
tarily on the scale because the intensity of the radio signal is low at the 
higher altitudes and irregular variations occur, with the result that 
insufficient signal is received to operate the equipment satisfactorily. 

In cross-country flight, the indication of altitude above the ground 
will show variations according to the contour of the terrain below the 
airplane. This information, together with a map showing the contours 
of the airway sector and a reference altitude of constant level obtained 
from a weusitivo aneroid tyi>e altimeter, may be used to locate the position 
of the airplane ns a navigation procedure when flying above clouds or 
by instruments, toy this method, prominent ridges and jieuks of mountain 
ranges may he located, using the indication of the sensitive barometric 
altimeter as a JeveJ-fliglit reference. 

QUESTIONS AND PROBLEMS* 

1. Wliat is indicated by the hearing obtained by the use of a bilateral radio 
direction finder > 

2. Why are loop antennas, ansociated with radio direction finders, metallic¬ 
ally shielded i 

3. From how many simultaneous directions is a direction fimlcr capable 
of receiving signals if adjusted to take unilateral hearings through 3tiO J ( 

4 . What is the directional reception pal tern of a loop antenna ( 

5. How is the unilateral effect obtained in a direction finder i 

6. What figure represents the reception pattern of a properly adjusted 
unilateral radio direction finder f 

* These questions and problems aru taken from the 11 i^.C.C. Study Guido for Commercial 
Radio Operator Examinations." 

3i-(N.Y.) 



464 


RADIO TECHNOLOGY 


7. On shipboard, what factors may affect the accuracy of a direction finder 
after it has been properly installed, calibrated, and compensated? 

8 . What is the principal function of a vertical antenna associated with the 
bilateral radio direction finder ? 

9. What is indicated by the bearing obtained by the use of a unilateral 
radio direction finder } 

10 . What is a compensator as used with radio direction finders, and what 
is its purpose 1 



Chapter XV]1 

MEASUREMENTS IN RADIO 


Section 15.60 of the regulations of the Federul Communications Com¬ 
mission requires that the licensee of each standard broadcast station 
have in operation at the transmitter a frequency monitor inde|)endent 
of the frequency control of the transmitter. The frequency monitor must 
be of a type approved by the Commission and must have an accuracy 
and stability of at least five parts per million. 

The licensees of ship radio stations and point-to-point radiotelegraph 
stations are required to provide fur measurement of each operating 
frequency of the station and to establish a procedure for regular measure¬ 
ment of these frequencies. These measurements must be made by means 
independent of the frequency control of the transmitter and must be of 
an accuracy sufficient to detect deviations from the assigned frequency 
within one half of the authorized tolerance The tolerances imposed by 
law for stations in the various services are listed in Table V in the 
Appendix. 

FREQUENCY MEASUREMENTS 

There are several types of frequency measuring equipment in existence, 
all designed to meet the various requiiements of the FCV. The first of 
these is tli t frequency Monitor, designed to give continuous visual or aural 
indication of transmitter-frequency deviation from the assigned frequency. 
The second consists of standard precision frequency measuring apparatus 
designed for permanent installation at a radio station. The latter type 
of apparatus permits making actual meanuremenU of the emitted frequency 
at regular periods and should not be confused with the frequency monitor, 
which merely provides an indication of frequency deviation. The third 
type of frequency-measuring equipment consists of a frequency meter, 
or wave meter, designed tor portable use. The latter unit is commonly 
used for checking ship-station frequencies whore greater tolerances are 
permissible. Frequency meters are required to be checked often against 
frequency standards in order to maintain the desired precision standards 
set by law. 

The Frequency Monitor. There arc several ways of determining 
whether the frequency of an emitted carrier wave is within the required 
limits of the assigned frequency. One of the commonest, ways is by means of 
a local piezo oscillator of know n frequency producing a beat, or heterodyne, 
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with the emitted wave used in conjunction with an instrument to 
indicate the resultant heat frequency. The visual indicator is the onlj 
method now in common use by wliieli it is considered that the frequency 
of the beat may be determined with the required degree of accuracy 
Approval of a frequency monitor by the FCC is based upon data taken 
at the Bureau of Standards. However, the Bureau of Standards does 
not approve or disapprove of the monitor, as this is entirely in the hands 
of the Commission. In approving a frequency monitor after tests at the 
Bureau of Standards, the Commission merely recognizes that the type of 
monitor lias the inherent capability of functioning in compliance with 
FCC regulations, if properly constructed, maintained, and operated. 

A block diagram of a typical frequency monitor is shown in Fig. 293. 
The circuit consists basically of two r-f amplifiers feeding into a common 



Fro 203 Work (li.u'icun of n froquonr v inomt mui£ nystom (( ourtcsi/ of 

Gi7uial Itrnho Co ) 

detector stage. One ampliiicr amplifies the transmitter carrier signal, the 
otiiei, the output of a local precision crystal oscillator The piecision 
oscillator diflers in frequency from the carrier by 1,000 c* and has ail 
accuracy of plus or minus 13 parts per million 

The detector output is amplified and applied to a frequency-deviation 
meter. This meter reads zero when the beat frequency is exactly 1,000 c 
(see Fig. 294) and is a conventional direct-reading u-f meter of high 
precision. Any deviation of carrier frequency causes a corresponding 
deviation of boat frequency above or below 1,000 e. The number of cycles 
per second deviation above or below 1,000 c is indicated directly on the 
meter, which can be read accurately to half a cycle. 

The quartz crystal is cut to have a low temperature coefficient and is 
mounted in a dust proof, air-gap type of holder. The temperature 
coefficient is Jess than 2 parts per million por degree centigrade. The 
temperature is held to plus or minus 0.1 r C by a mercury-thermostat- 
controlled oven, so that no appreciable variation in frequency with 
ambient temperature can occur. The crystal amplifier reduces the 
oscillutor load and by isolating the oscillator prevents coupling from the 
transmitter from affecting the amplitude and frequency of the oscillator. 
Similarly, the transmitter amplifier prevents any crystal-frequency 
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Looee coupling to the transmitter should be used so that the monitor™ 
voltage can be taken directly from the transmitter-crystal conZl2 
Si ,R N-*-* for transmit^ using wCi 

Most frequency-monitor units are equipped with auxiliary meters to 
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ftmiwh an indication oi correct signal level from the transmitter and 
from the crystal oscillator The monitor amplifier gain can be varied to 
just the input according to the desired levels ns indicated on the lovel 

SSS* T 1 "* “? !?’ ™ SUres correct rou I )] '*ig when the monitor is 
installed and prevents false readings due to overloading. 

von*!** a ™ pli ? er inw,r P orata » a ' v -c control, liy using a large delay 
voltage, constant input voltage to the frequency deviation meter is held 
er a beat-frequenc\ amplitude range of 0.5 to 8 v. The monitor 
accuracy is therefore not subject to variation caused by line-voltage 
fluctuation, changes in transmitter adjustment, and aging of tubes. 
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Frequency Measuring. Rough frequency measurements using portable 
equipment, such as for ship-station measurements, are made with 
heterodyne-frequency meters. A heterodyne-frequency meter is essenti 
ally a calibrated variable oscillator. Commercial heterodyne-frequency 
meters are accompanied by numerous graphs giving extensive calibrations 
for various dial settings within the range of the instrument. Most meters 
of this type utilize electron-coupled oscillators because of the good 
frequency stability and rich harmonic output The oscillator circuits are 
completely shielded so that external circuit couplmg, which might 
conceivably affect oscillator frequency, is eliminated. 

The average well-designed commercial heterodyne-frequency meter 



will maintain ail accuracy ot 0 1 jmt (*ent over comparatively long periods 
of time, provided that corrections are made tor variations of temperature. 
Manufacturers usually pi ovule temperature correction factors for normal 
temperature ranges. If the frequency metci is often checked against a 
standard, accuracies of 10 to 1T» parts pci million over short periods of 
time may be attained. 

Commercial hetciodyne frequency meters iiu-oiporute a detector stage 
utilized to produce beat frequencies or heterodynes between the meter 
oscillatoi and the signal to be measured. The procedure involved in 
making a measurement is comparatively simple. The frequency meter is 
coupled loosely to the transmitter whose frequency it is desired to measure. 
A short length of wire connected to the instillment input terminal is 
usually sufficient to pick up the transmitter signal. The heterodyne 
oscillator is then tuned to zero beat with the signal as indicated audibly 
in a pair of headphones connected to the meter detector output circuit. 
With the modern instruments now available, it is possible to accomplish 
the zero-beat adjustment witlnn halt a cycle. Once this adjustment has 
been attained, the frequency as obtained from the calibration for this dial 
setting will be the frequency of the signal being measured. 
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Hrttrodyne 

frequency 

meter 


More accurate measurements of frequency are obtained by the use of 
a standard frequency assembly. Such an assembly consists of a receiver, 
a heterodyne frequency meter, a high-precision frequency standard 
(signal generator), a heterodyne detector, an interpolation oscillator, and 
some tyj>e of indicating device, cither earphones or a visual frequency 
meter for very low frequencies. 

The frequency standard, often called the comparison oscillator, since 
the signal being measured is "compared” _ 

with, or chocked against, this standaru, Y 

consists of a precision crystal oscillator, | 

buffer amplifier, 10-ke multivibrator, and 

output amplifier. A circuit of a typical L -i —r 

frequency standard as used in standard ^p 

frequency assemblies is shown in Fig. 295. 

Several features of the crystal oscillator n~—71 

• 7 Heterodyne 

which contribute toward frequency stab- frequency 

ilitv are worthy of note. The crystal is me er 

kept free from temperature-variation p>P 

elfeets bv a theriuostutieallv controlled 

1 *■ ^ t 

oven. The dust proof air gap type of - — — 

crystal liolder introduces very little re _ — -> "detector 

straint on the vibration of the crystal, _ _ 

l>ermitting it to vibrate freely. Some 

commercial models eliminate detrimental ^ 

effects from resonances in the air by ^_I_. 

mounting bathe plates a quarter wave Aajdto chttk inter 

length from the ends of the crystal. 1kc wluator 

The buffer amplifier effectively isolates i 

the crystal stage from .succeeding stages Pul *e 

and eliminates any coupling effects that >' 

might impair the operation oft lie oscillator. /keotS 

The multivibrator develops a great \jnAvM 

number of harmonies of the crystal fre Kl(| m BlMU . htpps m crm . 
quenev Commercial llistrimieilts usually finding II frequency measurement, 
utilize a 10-kc sequence, so that any two 

adjacent harmonics arc 10 kc apart. Since a single well-designed 
multivibrator will develop harmonics up to the five-hundredth, a 
single comparison oscillator is usable for measuring frequencies over a 
wdde range. Each of the harmonics will have the same degree of accuracy 
as the crystal. The output amplifier provides a convenient means of 
coupling to the heterodyne detector load. 

The procedure involved in conducting a measurement is as follows. 
The signal to be measured is tuned in on the receiver and transferred to 
the heterodyne frequency meter as discussed in the previous section. 


JOkt 


Htlrrodyne 

detector 





AF 
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c 
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Flu. 211(1. litiHip stops in con¬ 
cluding ii frequency measurement. 
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The heterodyne frequency meter is then coupled to the heterodyne 
detector as is also the harmonic output of the comparison oscillator 
(frequency standard). Refer to the block diagram of Fig. 296. Since the 
harmonics of the comparison oscillator are separated by 10 kc, the signal 
must be within 5 kc of one of these harmonics. An a-f beat note of 5 kc 
or less will therefore be developed in the heterodyne detector as a result 
of the interaction of the signal (from the hetcrodj'ne frequency meter) 
and one of the comparison oscillator harmonics. When the harmonic 
frequency is identified, the remaining procedure consists of identifying 
the a-f beat note. The frequency of the signal is then equal to the harmonic 
frequency plus or minus the beat frequency, depending upon whether it 
is a higher or lower harmonic. The beat frequency is identified by feeding 
it into an interpolation oscillator . An interpolation oscillator is simply a 
calibrated variable a-f oscillator having a range from 0 to 5 ke, since 5 kc 
is the maximum amount hy which the signal can deviate from a compar¬ 
ison oscillator harmonic. The interpolation oscillator is tuned to zero 
beat with the beat note fed into it from the heterodyne detector. The 
frequency of the beat note can then be taken direct l a \ from the interpola¬ 
tion oscillator dial reading. This frequency, as mentioned before, is added 
to or subtracted from the proper comparison-oscillator harmonic to 
obtain the signal frequency. 

It is apparent that the accuracy of the measurement is dcjiendent not 
only upon the accuracy of the comparison oscillator, hut also upon that 
of the interpolation oscillator. Interpolation oscillators are now available, 
permitting dial readings of approximately I c per dial degree. Many 
installations utilize a 1-kc sequence output from the frequency standard 
in addition to the l()-kc sequence. The 1-kc sequence output is fed into 
the interpolation oscillator and is checked against dial readings for 
calibration purposes. 

Usually, very little difficulty is encountered in distinguishing winch 
harmonics of the comparison oscillator are being used, since the frequency 
of the signal being measured is always approximately known. Thus, if 
the signal being measured has a frequency in the vicinity of 1,896 kc, it 
is apparent that it lies between the 189th and 190th harmonic of the 
comparison oscillator. If difficulty is experienced in identifying the 
harmonic that is being used, the heterodyne frequency meter should be 
increased in frequency slightly after the interpolation-oscillator reading 
has been obtained. If increasing the frequency of the heterodyne fre¬ 
quency meter results in ail increase in the a-f beat note, it is evident that 
the lower harmonic is being used. The beat-note frequency obtained 
from the interpolation oscillator must then be added to the lower harmonic 
to obtain the signal frequency. If increasing the frequency of the hetero¬ 
dyne frequency meter results in a decrease in the a-f beat note, the hetero¬ 
dyne-frequency meter is beating with the higher harmonic. The beat-note 
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frequency should then be subtracted from the higher harmonic to obtain 
the signal frequency. 

A consideration of the detailed procedure involved in measuring a 
specific frequency will clarify the operations to he ^icrfornied. Assume 
that it is desired to measure the frequency of a signal that is supposed to 
be on 1,896 kc. The signal is tuned in on a receiver and transferred to 
the heterodyne-frequency meter as outlined above. Together with the 
output of the comparison oscillator, the frequency meter is coupled to 
the heterodyne detector. From the roughly known location of the 
frequency, it is known that the signal lies between the 189th and 190th 
harmonics of the oscillator. The interpolation oscillator is tuned to zero 
beat with the beat note produced in the detector and is found to read 
4,000 c. After this latter measurement has been made, the frequency of 
the heterodyne frequency meter is increased slightly, with the result that 
the )>eat note decreases slightly. The 4,000 e is therefore subtracted from 
the 190th harmonic (1,900 kc) giving the frequency as 1.896 kc. This is 
therefore the frequency of the signal being measured. 

The frequency of an unknown signal can always be roughly identified 
hy the approximate calibration of tiie receiver used or by the calibration 
of the heterodyne frequency meter. In cases when' even this identification 
is uncertain, such as oil the higher frequencies where adjacent harmonic 
differences may he small, the customary procedure is to modulate certain 
harmonics of the comparison oscillator. The modulation is accomplished 
by operating a 100-kc multivibrator from the same basic comparison 
oscillator source. The output of this multivibrator is modulated with a 
distinctive tone and coupled with the 10-kc multivibrator to the hetero¬ 
dyne detector. Every tenth harmonic of the 10-kc multivibrator will 
then he marked, since it beats with the modulated 100-kc harmonics. 
Intermediate it) kc harmonics can he identified by counting backward or 
forward to the nearest modulated harmonic. 

This procedure limits the identification of a frequency approximation 
to within 100kc, the difference between two modulated harmonics. It 
is very rarely that a frequency cannot he approximately identified within 
this w 7 ide range without the use of instruments. Once the rough frequency 
identification has been made, the exact frequency can he accurately 
measured as outlined above. 


ANTENNA RESISTANCE MEASUREMENTS 

In Chap. XV it was showm that the value of effective resistance of an 
antenna is a very useful factor to have at hand. The effective resistance 
must he known in order to design a matching system properly for a non¬ 
resonant transmission line. When computing the power put into an 
antenna, the effective resistance of the antenna is an important constant 
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which must be included in the calculations. Furthermore, when the 
effective resistance is known, a dummy antenna can be constructed having 
the same resistance. Such a dummy, as a nonradiating load, can be 
coupled to the transmitter when conducting experiments or running tests 

There are two standard methods of measuring antenna resistance, 
namely, the rexistance-imriation method and the half-deflection method. 
The former is usually considered more accurate, but both methods are 
used with success. As in any other type of measurement, the results 
depend to a large extent upon the care and efficiency with which the 
experiment is conducted. 

The Resistance-variation Method. Owing to the behavior of electricity 
at high frequencies, measurements of circuit constants for high frequencies 
are not so easily obtainable as are those at the lower frequencies. Ordinar¬ 
ily, to obtain the resistance of an a-e circuit, the current and voltage 
would lie measured at resonance and Ohm's law applied to obtain R. 
In an antenna system, it is found that the current is the only factor that 
can easily be measured However, by measuring the antenna current at 
various artificially introduced resistances of the circuit, several pairs of 
simple simultaneous equations can be obtained from wliioh the antenna 
resistance can readily be computed 

In any a o circuit, according to Ohm's law, 


7 -s 

(i) 

In any a-c circuit at resonance, 


Z A!, 

(2) 

and Eq. (1) Incomes 


/ B 
a 

13) 

Rearranging, 


E JR 

(4) 

If a known value of resistance R 1 is added in senes 

with the antenna 

system, a new >alue of current fj will be obtained, 
Ohm's Jaw 

and according to 

j ^ 

l ~ R ] R 1 

(5) 

Rearranging, 


E I X R f J&. 

(6) 


Since the value of E is the same in both cases, Eqs (4) and (6) may be 
combined (solution by comparison), with the result that 


1R - l v R h l x R v 


( 7 ) 
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Then, 


IR - = 4 

(8) 

and 


5C 

1 

£ 

II 

* 

(») 

Dividing by (7 — 

A). 

7.R. 





(10) 



K i * 1 • 

(11) 


TJiis method, known as the resistance-variation method, is based on 
Eq. (11), where 

E -- unknown antenna resistance, 

R x value of added resistance; 

/ current with no resistance added ; 

1 1 current with added resistance. 

Several values of added resistance li l should be used and the results 
averaged for greater accuracy. Every effort should be made to use 



icsistors that are, so lar as possible, noninductho. Other than the 
resistors, no additional apparatus is neeessarv to ]>erforni the measure¬ 
ment. A draw ing of a nonindnctive resistor is shown in Fig. 297. Although 
actual zero inductance cannot be obtained, a resistor wound in the fashion 
illustrated will closely approach the ideal. Some provision should be 
made to facilitate opening of the antenna circuit to provide for the 
insertion of the resistors. 

The experiment is conducted as follows. The antenna circuit is tuned 
to resonance with the transmitter and the current I carefullv noted. A 
known value of resistance E x is then inserted in seiies and the current I x 
again carefully measured. Tlic values of /, J v and obtained are then 
substituted in Eq. (11). The experiment is then repeated several times, 
each time using different values of R x and substituting in Eq. (11). The 
various values of R obtained should be averaged for the final value. If 
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the measurements are carefully conducted, very little discrepancy w ll 
be found to exist between the different R values obtained. 

Care should be taken during the measurements to maintain a constant 
transmitter voltage output, since any fluctuation in the voltage trail* 
ferred to the antenna will introduce serious error in the results. It is bcsl 
to check plate current and voltage of the last transmitter stage before 
each antenna-current reading and to correct any existing discrepancy 
It is advisable to use an r-f milliammeter to measure the antenna current 
and to adjust the transmitter output so that the current falls well within 
the meter scale before beginning measurements. If necessary, a shunt 
can be used across the meter, but it w ill necessitate correcting the current 
readings before substitution in the resistance equation. 

The antenna circuit must be tuned to absolute resonance with the 
transmitter before each current reading is taken Any deviation from 
the resonance condition will cause the current to be a function of the 
antenna impedance rather than of the antenua resistance, and the 
reading will be crioneous so far as the purpose of the experiment is 
concerned. Such deviation from resonance may be caused by the 
introduction of inductance or capacitance into the circuit when the 
resistors aie inserted. The resonance adjustment must therefore be 
checked whenever a resistance is added to the circuit anil just before 
each meter rending. 

The Half-deflection Method. Another somewhat simpler method of 
measuiing the antenna resistance is by means of the so-called half- 
deflection method. Tins method is also based on Ohm’s Jaw for the 
resonant condition E 1R . 

It is apparent fiom tins simple equation that, if the voltage E is 
kept constant, current / will var) inversely as the resistance R 
In other words, if E is kept constant and R is doubled, then I will be 
halved. 

The apparatus is set up foi this measurement exactly as m the case 
of the resistance \filiation method. The driver, or transmitter, is tuned 
to resonance with the antenna, and an accurate measurement of the 
antenna current is made. The antenna circuit is then opened, and 
enough resistance is added to cause the anteiuia current to fall to half 
its former value. When this condition is obtained, the value of the 
added resistance will be exactly equal to the antenna, or unknown, 
resistance. Great care should be taken to maintain a constant voltage 
input to the anteiuia circuit, since any variation in E will destroy the 
accuracy. 

In performing this measurement, as in the resistance-variation measure¬ 
ment, the resistor used should be of the noninductive type. Whatever 
small change in tuning is necessary to regain the condition of resonance 
at various stages of the experiment should be made. 
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ANTENNA INDUCTANCE AND CAPACITANCE 
MEASUREMENTS 

The mathematical treatment of currents in circuits having distributed 
inductance and capacitance (such as antenna circuits) is generally 
concerned with the theoretical case wherein these quantities arc uniformly 
distributed. Because of end effects, this condition cannot he strictly 
obtained in antenna circuits, although it is closely approached in trans¬ 
mission hues terminated in their characteristic impedances. It is evident, 
therefore, that the distributed inductance and capacitance of an antenna 
system are values that are not easily computed. These values, however, 
can he measured fur a particular antenna system. When one value 
has been found, it is possible to compute the other very simply. A 
method of measuring the inductance of an antenna system is outlinod 
below. 

The inductance measurement is based on the familiar equation 

wavelength 1.884 V L(\ (12) 

where wave length is in meters, L is inductance in microhenry*, and C is 
capacitance in niiernranTofarads. 

The apparatus necessary to perform the experiment includes one or 
two precision inductances of accurately known value, a signal generator 
or \ariable oscillator of some sort, and the usual frequency-measuring 
equipment. 

Jn proceeding with the measurement, it is assumed that the normal 
operating frequency at which the antenna is resonant is known and Iior 
been measured accurately. 

One of the precision inductances is connected in series with the antenna 
system. The signal generator is then tuned to resonance with the antenna 
system (witli inductance inserted), and the frequency of the signal 
generator is measured by the means previously' described in this chapter. 
When this frequency is known, the wave length is easily computed and 
substituted in Eq. (12), which is modified as follow's ■ 

A, 1.8K4 V(/, t | L n )C, (13) 

where L x - known inductance iriscried in microhenry's; 

L ,i - unknown antenna inductance in microhenrys; 

C antenna capacitance in micmmicrofarads. 

The experiment is then repeated, using a different value of known 
inductance L 2 . The wave length 4 obtained from the frequency measure¬ 
ment this time is again substituted in Eq. (12), with the result that 

Aa- 1.884 V (L a f L a )(\ 


( 14 ) 
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A pair of simultaneous quadratic equations are now available, which 


can be solved for L a as follows: 

A, -- 1.884 V(L t + L„)V, 

(16) 

l r 1.884 V(Jji f L„)C. 

(16) 

Squaring butb sides of both equations, 

V - (l.884) 2 (L 1 + L a )(\ 

(17) 

V (1.884) 2 (L a I- L a )C. 

(18) 

Dividing Eq. (17) by (L, | L„), 

v (I.8b4j=r. 

L x + L tl 

(<») 

Dividing Eq. (18) by (L 2 t L lt ), 

. (l.hS4)V. 

Xrfj * Is t 

(20) 

Equating Eqs. (19) and (20). 

V V 

L\ 1 A», i ^2 t i 

(21) 

By cross products, 

An l L x [ Ajj l L t , * Aj 1 L l . 

(22) 

Rearranging, 

/*j*L a VA. A]“/>2 

(23) 

or 

K(K l V) VA-VA. 

(24) 

and 

, VA VA 

" A/ A, 2 

(26) 


Equation (2.)) is the ultimate' formula upon which the measurement is 
based, and the values of wave length and inductance used in the expert 
ment should be substituted directly in this equation. The derivation of 
the formula is given for those interested and need not enter into the 
calculations tor determining antenna inductance. All values of L a , L v 
and L z are in microheurys. 

It should be understood that in the above measurement the inductance 
should be inserted directly in the radiating portion of the antenna itself 
and not in the feeder lines if the antenna is fed by some sort of transmission 
line. Adding inductance to the coupling coil at the station end of a 
transmission line will result only in lowering the efficiency of coupling 
to the transmitter output and will not affect the antenna constants in 
any way whatsoever. 
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Once the inductance of an antenna has been ascertained by this 
measurement, it is a simple matter to compute the capacitance. The 
value of inductance found from Eq. (25) is substituted in Eq. (12). In 
this case, the wave length used should be the wave length of the antenna 
system without any added inductance. In other words, the wave length 
of the antenna system as it is normally used should be the value substi¬ 
tuted in Eq. (12). Equation (L2) is then rearranged as follows. 


C - = 


A 2 

(1.884 YL 


( 26 ) 


where C — antenna capacitance in micromicrofarads; 
L — antenna inductance in micro henrys. 


y .FIELl) STRENGTH MEASUREMENTS 

The field stlength of a radio wave at a distance from the transmitting 
antenna is rleteimined by measuring the voltage that the wave induces 
in a receiving antomia. Such measuiements are of great value in deter 
mining the primary and secondary service areas of broadcast stations, 
m choosing sites for receiving stations, and in detei mining interference 
areas existing between 1w(j stations. Field-intensity measurements are 
also olten required by the IXV for presentation in support of applications 
or evidence at hearings before the Commission. Theoretical calculations 
to establish the peifoimonee of directional antennas are also required l>y 
law to be cheeked by actual field-intensity measurements of the sigual 
radiated by sucli antennas. 

General Principle of Field-intensity Measurements. Then* are several 
approved methods of making field intensity measuiements. In general, 
all consist of picking up the signal to be measured on u sensitive receiver 
and comparing the receiver output with this signal to the receiver output 
when a signal of known voltage from an accurately calibrated oscillator 
is introduced into the receive!. 

It is apparent that a number of factors enter into the calculations. 
The over-all gain of the receiver, the type and gain of the antenna used, 
and the gain of the lecoivei input ciicuits must be considered. The 
standard measuring procedure is as follows: The signal is tuned in on a 
standard field-intensity superheterodyne receiver. Such receivers are 
equipped with a microammeter in the second-detector output, a calibrated 
attenuator in the i-f amplifiei, ami a number of switching arrangements 
to facilitate performmg the various operations of the measurement 
outlined below. 

When the signal is tuned in, fixe calibrated i-f attenuator is adjusted 
to a value of attenuation rx, which produces a convenient deflection of the 
output circuit microammeter. By means of a switch in the loop-antenna 
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circuit, the local comparison oscillator is coupled directly to the loop 
antenna. The output of the oscillator is adjusted until an arbitrarily 
chosen voltage E appears on the grid of the first detector. Standard 
field-intensity meters arc equipped with a switching arrangement that 
permits converting the first-detector tube into an electronic voltmeter 
with a microammeter in the plate circuit. The microammeter is calibrated 
in volts of the grid input circuit. 

The i-f attenuator is now adjusted to whatever value b is required to 
produce the second-detector output Die same as that of the original 
signal. The actual voltage produced by the signal at the first-detect.oi 
grid can now be computed from the relation of the attenuation values 
a and 6. Expressed mathematically, 


E>~- 


EJb 

j 

a 


(27) 


where E s signal voltage at first-detector grid , 

E n - oscillator voltage at first-detector grid, 
a — i-f signal attenuation required for given output; 
b - i-f oscillator attenuation required for same output. 


This process of checking the signal against the oscillator is called 
Calibrating the receiver, since it amounts to a calibration of the receiver 
gain. In the process of making intensity measurements over comparatively 
long periods of time, the readings of the second-detector output micro- 
ammeter are recorded, anti ]>eriodic rabbin turns are made with the 
comparison oscillator to ensure uniform gain of the receiver over the time 
interval mvoh oil. Many commercial field-intensity meter installations are 
equipped with recording luicroainmeters or inilhanuuetcrs. Such instru¬ 
ments provide a continuous recording or track of the output level. 

The procedure outlined above makes it possible to calculate the signal 
voltage at the first-detector grid. Tt does not, however, allow for the gam 
in the preceding rf cm nits and in the antenna itself. Since the field 
strength that it is desired to ascertain is the actual \oltage induced in 
the antenna itself, further corrections must be applied to derive the 
antenna signal voltage from the first defector grid signal voltage. The 
relation between these two voltages is obtained as follows: Without 
disturbing the comparison oscillator output, the oscillator is coupled, by 
means of a switching arrangement inherent in the apparatus, directly to 
the first-detector grid instead of to the antenna. The i-f attenuator is 
again adjusted to whatever new value of attenuation r is required to 
bring the output to the previous level. The difference between antenna 
signal voltage and first-detector grid voltage is then the same as the 
attenuation ratio of c to b. The voltage of the oscillator wdien coupled to 
the antenna is then b/c times the voltage of the oscillator at the grid. 
Since the gain, or possibly loss, of the antenna and r-f input circuits is 
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a fixed value, this same relation holds true for the signal voltage. In 
other words, the voltage developed by the signal on the antenna is bjc 
times the voltage develojied on the first detector grid by the signal. 
Since the signal voltage developed at the first-detector grid is given by 
Eq. (27), it follows that 


E EJ> • 6 , 
u r 

(28) 

ac 

(29) 


where E -- signal voltage developed in the antenna ; 

E 0 -- oscillator voltage at first-detector grid; 
a — i-f attenuation required for given signal output; 
b — i-f attenuation required for given oscillator output (oscillator 
coupled to antenna); 

c - i-f attenuation required for given oscillator output (oscillator 
coupled to first-detector grid). 


When a continuous graphic recording nistiument is not uHed, it is 
necessary to make notations of the output readings at predetermined 
intervals. Often such readings arc utilized to make a graph of the measure¬ 
ments. The calibration should be checked frequently, the length of the 
intervals between calibration depending upon the stability of the instru¬ 
ment. If, during the course of calibration, it is necessary to change the 
receiver gain, notations of the new attenuation settings should he made at 
the proper place in the output reading notations, to ensure that the proper 
attenuation values (a s /j, and c) are used in conjunction with the proper 
output reading values when making the final calculation vith Eq (20). 

One of the difficulties encountered when making field intensity measure¬ 
ments is that caused by fading of the signal. The customary procedure 
is to take output readings at tin* peaks of successive fast fades and, by 
averaging these values over an interval of time to get the longer fade 
characteristic. Of course, if a graphic recording instrument is used, the 
necessity for this operation is ob\ iated. 


ANTENNA POWER MEASUREMENTS 

The maximum rated carrier power of a standard broadcast station has 
been defined by the FCU as the sum of tlie applicable power ratings of 
the vacuum tubes employed in the last stage of the transmitter. Only 
vacuum tubes of approved ratings may be used in the last radio stages 
of such transmitters, and such apjjroved ratings are given only upon 
submission of the ratings by the tube manufacturers. The approved 
ratings for various vacuum tubes for this usage are fixed by the Com¬ 
mission and a tabulation of these ratings is set forth in the Commission's 

3*-(N.V) 
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“ Standards of Good Engineering Practice concerning Standard Broadcast 
Stations.” 

The actual operating power of a standard broadcast station may bo 
defined as the r-f power put into the antenna. According to the FCC 
“Rules and Rcgulalions,” operating power may be determined by two 
methods— indirect measurement and direct measurement. 

Indirect Measurement of Operating Power. The indirect measurement 
of operating power of a standard broadcast station consists of applying 
an efficiency factor to the input power to the final radio stage. The input 
power to the last stage is the product of the plate voltage E p and the 
total plate current l p , or 

input power - E,J P . (30) 

The operating power, representing the actual power put into the 
antenna, is derived fiom the formula 

operating power - E p l p F, (31) 

where F is an efficiency factor determined by the FCC and depends 
upon the maximum rated earner power of the transmitter, the class ot 
amplification used, lire type of modulation used, or the approved power 
rating of the tubes used in the final stage The efficiency factors for 
various classes of broadcast transmitters are outlined below. 

Stations of all powers utilizing low-level modulation with the final 
power-amplifier stage operating class 15 have an efficiency factor of 0.35 
as determined by the FCC 

An efficiency factor of 0.65 lias been fixed by the FCC for stations of 
all powers utilizing low-level modulation with linear operation of the 
final power amplifier where the efficiency approaches that of class C. 

The efficiency factors for stations of all powers utilizing grid modulation 
in the final radio stage has beeu fixed bv the FCC 1 according to the 
approved power rating of the tubes used in this stage. An efficiency 
factor of 0.2.5 lias been fixed by the Commission for all transmitters in 
tliis category which utilize vacuum tubes as listed iu Table 0 of 
the “Approved Power Rating of Vacuum Tubes," a tabulation listed 
in the V (V k Standards of Good Engineering Practice concerning 
Standard Broadcast Stations." The efficiency factor lias been fixed 
at 0.35 if the types of tube used are listed in Table D of the same 
publication. 

The efficiency factor for stations utilizing plate modulation in the final 
jKiwer-amplifier stage lias been determined by the FCC in accordance 
with the maximum rated carrier power of the transmitter. If the 
maximum rated carrier power is between 100 and 1.000 w, the efficiency 
factor is fixed at 0.70. If the maximum rated carrier power is 5,000 w or 
greater, the efficiency factor is fixed at 0.80. 

In confuting operating power by indirect measurement, the above 
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factors apply in all cases. No distinction is made when the operating 
power is less than the maximum rated carrier power. 

Direct Measurement of Operating Power. The operating j>ower, or 
antenna input power, is determined directly by measuring the antenna 
current. The power is derived from the familiar equation 

P - DR, (32) 

where P = operating pow er; 

1 — antenna current; 

R -- antenna resistance at the point where the current is measured. 

The measurement is, of cour.se, conducted at the operating frequency. 
Direct measurement of the antenna input power will be accepted as the 
operating power of the station provided that the data on the antenna- 
resistance measurements are submitted under oath and detailed descrip¬ 
tions given of the method used and the data taken. The antenna current 
must be measured hv an ammeter of accepted accuracy pursuant to the 
section of the PCX' 1 regulations concerning indicating instruments 

Measurements of antenna resistance made by any standard method 
will be accepted by the FVV provided that satisfactory evidence is sub¬ 
mitted in accordance with the F(V “Standards ' as to the procedure 
used, accuracy of instruments, and qualifications of the engineer con¬ 
ducting the measurements. The resistance-variation method and substi¬ 
tution method discussed in an earlier part of this chapter are both 
acceptable. 

Standard broadcast stations permitted to determine the operating 
power by the indirect method and to employ greater daytime power 
than nighttime power must maintain the same operating efficiency for 
both daytime and nighttime operation. In order to determine whether 
the same operating efficiency obtains, the following procedure is used. 

The apparent antenna resistance is computed from the daytime 
(highest power) operating constants. The nighttime power in the antenna 
is then computed hy the PR method, using the apparent resistance 
previously determined. If this computed antenna power agrees with the 
nighttime operating power determined by the indirect method within 
plus or minus 5 per cent, the station is considered to be complying with 
the requirement of maintaining the same operating efficiency. In ease 
the antenna current is subject to variations due to weather or other 
conditions, an attempt should be made to arrive at an average value for 
the purpose of these computations. 

MODULATION MEASUREMENTS 

The licensee of a broadcast station is not authorized to operate the 
transmitter unless it is capable of delivering satisfactorily the authorized 
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power with a modulation of at least 85 jier cent. When the transmitter 
is operated with 85 peT cent modulation, not over 10 per cent combined 
a-f harmonics is permitted to be generated by the transmitter. The term 
combined audio harmonics is defined by the Commission as the arith¬ 
metical sum of the amplitudes of all the separate harmonic components. 



Tnode connected 
as linear dtode rectifier 


RecU^er 
output voltages 


Fig. 2Q8. Linear rcotifinr ciimut employed to obtain mmlulalnd earner-voltage values 


The percentage of modulation is a measure of the amount that the 
carrier wave is changed in amplitude vlicn an a-f wave is superimposed 
upon it. Expressed mathematically, 






100, 


(33) 


where M percentage of modulation, 

2£ 11UV maximum (peak) value ol carrier Milt age, 

E mm minimum (tiougli) value of carrier voltage; 

E ayi average ^alue of carrier voltage (value of carrier voltage 
with no modula I ion) 


The peiccntage of modulation is defined by the FC(J as the average of 
the positive and negative modulation percentages. 


-L peik o» max 



^—E a. verage 


-E trough or mm 
Fk. 29 M Wum shape of linear j retlfier output voltage 


The maximum, minimum, and aieiage eairicr Milt ages are obtained 
by feeding a small portion of the transmitter output to a linear rectifier, 
such as the diode circuit of Fig. 21)8. A small coil of a few turns placed 
close to the output tank circuit is usually sufficient, since an r-f voltage 
of 20 to 30 v is necessary. The diode rectified output is passed through 
an r-f filter and the ieniaining d c and a-f components arc applied to an 
electronic voltmeter of the peak-indicating type A typical curve of the 
diode output when the transmitter is modulated by a pure sine-wave 
a-f current is shown in Fig. 209. 
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The circuit of a peak-indicating type of ivUmeler is shown in Fig. 300(a). 
The bias voltage as read on voltmeter T T is adjusted by means of the 
potentiometer until current just begins to flow in the circuit, as indicated 
by microammeter M. This bias voltage is then approximately equal to 
the peak value of the diode a-c component, which is the voltage being 
measured. If the bias js slightly Jess than the peak input voltage, the plate 
will always be negative, and no current will flow at any time. * 

The minimum carrier voltage is measured by means of a trough , 
or negative-crest* indvatmg typ* of voihruUr. The circuit is shown in 



Yu 



SOO. Knitifur U|h»s it!\ol1nu*1tis (a) Conk (h) Negativetmsi 


Fig. 300(b). The principle oi operation heio is the reverse of the peak' 
indicating meler The potentiometer is adjusted so that plate current 
flow is barely perceptible as indicated on the micioaininetei. The value 
of bias voltage as read on voltnietei 1" js then approximately equal to 
the minimum, or trough, voltage of the a r eoniponent under measure¬ 
ment. 

The average value of camei voltage can be ascertained by the d-o 
voltage across the load resistor of Fig 29H. 

All the foregoing voltages, when ascertained by this method, are 
relative values and do not repre»ent the actual values of carrier voltage. 
Nevertheless, the relations between them are the same as the relations 
between the actual maximum, minimum, and average values of carrier 
voltage. They may theiefore be substituted directly in Formula (33) to 
calculate percentage modulation. Where the actual carrier values are 
desired, it is necessary to calibrate the equipment for the particular 
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installation and to take into account transmitter output, coupling 
efficiency, and so on. 

Percentage modulation may also be determined by direct observation 
on a cathode-ray oscilloscope. This instrument can be operated directly 
from the modulated wave, thus reducing to a minimum the possibility 
of error, although the width of the luminous line limits the accuracy of 
observation. Tho oscilloscope lias the further disadvantage that access 
to the modulating voltage must bo had in order to obtain a suitable 
sweep voltage- This instrument has the advantage, however, that rough 
indications of nonlinearity and audio distortion may be obtained very 
quickly. 

QUESTIONS AND PROBLEMS* 

1. If a wave meter having an error proportional to the frequency is accurate 
to 20 e when set at 1,000 kc, what is its error when set at 1,250 kc ( 

2. What is the meaning of zero beat as used in connection with frequcncy- 
measuring equipment 1 

3. Describe the technique used in frequency measurements employing a 
100-ke oscillator, a 10-kc mullivibrator, a heterodyne frequency meter of 
known accuracy, a suitable receiver, and standard frequency trails mission. 

4. What factors enter into the determination of power of a broadcast 
station employing the indirect method of measurement f 

5. Wliat is the device called that is used to derive a standard frequency 
of 10 ke from a standard-frequency oscillator operating on 100 kc ? 

6. If a heterodyne frequency meter havmir a straight line relation between 
frequency and dial reading has a dial reading of HI ,7 for a frequency of 1,1100 ke 
and n dial rending of 44.5 for a frequency of J ,400 ke, what is the frequency of 
the ninth harmonic of the frequency corresponding to a scale reading of 41.2 f 

7. Describe a method of determining antenna resistance. 

8 . If a heterodyne frequency meter having a calibrated range of 1,000 to 
5,000 ke is used to measure the frequency of a transmitter operating on approxi¬ 
mately 500 kc by measurement of the second harmonic of this transmitter and 
the indicated measurement was l,00Nkc, what is the actual frequency of the 
transmitter output ? 

9. If a frequency meter having an over-all error proportional to the frequency 
is accurate to 10 c when set at 1*00 ke, what is its error in cycles when set at 
1,110 ke * 

10. What is a multivibrator, and what are its uses? 

* These questions and problems are token from the “ F.O.C. Study tiuide ior Commercial 
Radio Operator Examinations "* 
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STUDIO AND CONTROL EQUIPMENT 


In addition to the transmitter proper and the associated modulator 
and sjieech-ainplrfier equipment a number of other types of specialized 
apparatus are required to complete the complement of broadcast station 
equipment. Devices arc required to supply the necessary amplification 
to the a-f signal before it reaches the transmitter speech amplifier. 
Additional units are required to adjust the frequency response of trans¬ 
mission lines, to couple numerous circuits to a common input circuit 
efficiently, and to provide 4 means of ascertaining the signal level at various 
points in the network. 

LEVEL IXDWATtm 

The Volume Indicator. One of the most impoitant components in a 
broadcast-station network from the point of view of utility is the volume 
indicator. This instrument permits the control operator to monitor a 
program continually by accuiatc visual means. It enables him to make 
precise adjustments of incoming levels from various microphone or other 
pickup channels and also provides him with a continuous visual indication 
of the level that he is relaying, via transmission lines, to the transmitter 
speech amplifier. 

An elementary circuit of a tvpieal volume-level indicator is shown in 
Fig. 301. The grid of the tube is maintained at the proper negative bias 
by means of the potentiometer to enable it to function as a linear rectifier. 
The input circuit may be either resistance-coupled or transformer-coupled 
to the a-f line being measured, hi either case, the input impedance is 
kept sufficiently high to provide negligible shunting effect across the line. 

The plate-circuit galvanometer is calibrated directly in decibels. The 
a-f input signal voltage energizes the grid of the tube, causing a resultant 
plate-current flow and deflection of the galvanometer needle. Taps on 
the secondary of the input transformer permit extending the range of the 
instrument by reducing the input at the higher levels. Each tap is cali¬ 
brated directly in decibels to permit proper correction to be made to the 
galvanometer reading. Some types of instruments employ several scales 
on the galvanometer dial, jierinitting direct readings for all input ranges. 

A few of the older-type volume indicators utilize bimetallic rectifiers 
in place of the vacuum tube, but such instruments operate on the same 
essential principle. The a-f signal voltage is rectified by a bimetallic 

m 
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rectifier of the copper oxide type. The rectified output flows through a 
sensitive galvanometer calibrated directly in decibels. Such units are 
essentially rectifier-type voltmeters, except that the meter scale reads 
energy levels in decibels instead of in volts. 

Volume indicators are sometimes referred to as “power-level indica¬ 
tors,” since the output-meter scale is calibrated in actual decibels above 
zero level. In most broadcast work, the standard reference level of 
6 mw in 500 ohms is used as zero-decibel level. Some types of equipment, 
however, are designed with a zero decibel level of 12.5 mw. When the 
power level represented by zero decibel is known, the actual power in 
the circuit at any other decibel level can easily be computed as described 
in Chap. XIV. 

The ideal volume-level indicator is one that draws zero current from 
the measured circuit and has an indicating needle that instantaneously 
follows all variations in signal level. In actual practice, such ]>erfornianoe 



Galvanometer 


is impossible to attain, because of input circuit impedances and the 
natural inertia of the galvanometer indicating needle. 

All vacuum-tube volume indicators are essentially a form of electronic. 
or vaev urn-lube, voltmeter A vacuum tube with its grid negatively biased 
offers an extremely high input impedance. If it were possible to connect 
the tulie grid-cathode eiicuit directly across the circuit to he measured, 
there would be no shunting eflect at all, since the negative grid prevents 
any current from flowing in the grid-cathode circuit. Unfortunately, 
however, an intervening circuit is necessary between the input and the 
grid circuit to provide bias voltage to the grid and to permit adjustment 
of input levels. The input impedance offered by the unit as a whole is 
therefore primarily determined by the input circuit network. 

Many modem types of volume indicators utilize a linear preamplifier 
before the rectifier tube, an arrangement that provides much higher input 
impedance. By perfect linear operation of the amplifier, no distortion is 
introduced into the .circuit. For such units high-speed indicating meters 
have been developed that reach full deflection in approximately 0.15 sec. 
Since this tune unit approaches the time required for the shortest sound 
pulse occurring in a program, a high degree of accuracy is possible. 

The high-speed needle action by itself would result in such violent 
fluctuations of the ]>oinier that accurate readings would be very difficult 
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to obtain and constant monitoring would become extremely tiring. This 
objection is overcome by the use of a slow discharge circuit, which permits 
the needle to rise very rapidly on peaks but retards the falling off from 
these peaks. This control is accomplished by a capacitor having a very 
high resistance load. The rectified signal simultaneously energizes the 
grid of an amplifier tube and charges this capacitor. The galvanometer 
is in the plate circuit of this tube. When the signal voltage decreases 
following a peak, the grid is controlled by the discharging condenser 
voltage. Since this discharge occurs through a high resistance, the plate 
current falls off slowly. The result is a "floating*' movement of the 
galvanometer needle. 

BROADCAST-STUDIO AMPLIFIERS 

The theory of a-f amplifiers lias already been discussed in detail in 
('hap. XII. The amplifiers used in broadcast-studio equipment are 
identical to receiver a-f amplifiers so far as the principle of operation is 
concerned. However, the design is altered in a number of respects for 
broadcast use. 

Broadcast-studio amplifiers are generally classified according to their 
application, such as preamplifier#, progtam amplifier#, and line amplifiers. 
All amplifiers used in broadcast work arc high-fidelity amplifiers. Modem 
studio amplifiers have essentially linear frequency response from 30 to 
10,000 c and are far superior to amplifiers usually found in receiving 
equipment. 

Preamplifiers. Modern microphones have comparatively minute jKraei 
outputs and require a tremendous amount of amplification. As the 
number of stages in an amplifier is increased, it becomes exceedingly 
difficult to secure stable operation because of feedback coupling with its 
attendant distortion and oscillation tendencies. For this reason, it is 
unfeasible to obtain the great amount of amplification required in a single 
high-gain amplifier. Therefore, a number of individual low-gain amplifiers 
are utilized. It is usually possible to place such amplifiers sufficiently 
far from each other to avoid harmful coupling. By utilizing low gain 
per stage, it is possible to design exceedingly efficient and stable amplifiers 
of three or four stages that have excellent fidelity characteristics. 

The main component unit in a studio amplification system is the 
program amplifier. This amplifier handles the output of all studio 
channels, such as studio microphones, lines from remote pickups, and 
electrical transcription apparatus. In order to facilitate monitoriug and 
mixing oj>erations and to provide the proper degree of mixing when 
several different channels are in o]>eration simultaneously, it is necessary 
that the incoming levels on each channel he approximately equal. The 
control operator is then enabled to control relative channel levels by 
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attenuating the desired channels. Since the output of a microphone is 
very much lower than that of other types of studio equipment, it is 
necessary to supply considerable amplification to microphone channels 
before the program amplifier. This amplification is provided by the 
preamplifier. 

In addition to performing its function as an amplifier, the preamplifier, 
when located close to the microphone, as is customary, greatly decreases 
extraneous noise levels by such usage. If the microphone were coupled 
directly to the program amplifier, a comparatively long line would have 
to be used. Despite thorough shielding and grounding, stray fields induce 
disturbances, or noise voltages, in such lines. Because of the extremely 
low power levels delivered by the microphone, even minute disturbances 
in the line will be of a magnitude comparable to the program level. Such 
disturbances will therefore be subsequently amplified by the program 
amplifier to the same approximate extent as the program. The result is 
very noisy reproduction and low sigual-lo noise ratio. 

By locating a preamplifier close to the microphone, the power level in 
the line to the program amplifier will be correspondingly greater. Noise 
disturbances picked up by the line will then be of much smaller magnitude 
than the program level, and the resultant signal-to-noise ratio will be 
greater. 

Preamplifiers are designed with input impedances of 5U to 200 ohms, 
depending upon the tyj>e of microphone to be matched. The output 
circuit is customarily designed to work into a oOO-olim line. 

Because of the extremely low input power level, all input leads are as 
thoroughly shielded as possible against magnetic and electrostatic fields 
All contact connections, such as switches, plugs, jacks, and sockets, 
must be firm and absolute. All such connections must be periodically 
inspected and cleaned, since even minute variations in contact resistance 
introduce serious noise. Input transformers in preamplifiers are a common 
source of noise owing to the pickup of stray a c fields. These transformers 
are therefore unusually well shielded with heavy Permalloy magnetic 
shields. In addition, sudi transformer are center-tap] >ed, and the tap is 
grounded in circuits that permit such arrangement. Noise voltages induced 
in the line betw r een microphone and preamplifier will be equal in both 
wires of the line if the line is kept properly balanced. The noise currents 
caused by these voltages will therefore flow in opposite directions through 
the transformer primary winding and will be balanced out to ground 
through the center tap. 

Often r-f charges from stray fields are picked up by the input circuit 
of a preamplifier. Under certain conditions, the first tube of the amplifier 
will act as a detector at such frequencies, producing a rectified signal 
voltage and causing objectionable noise. This effect is overcome by the 
UB6 of special input tubes that are capable of linear operation over a 
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much greater range than that required for the proper transmission of 
the program. 

Program Amplifier. The function, of the piograni amplifier is to 
increase the level of the combined studio channels to the proper value 
for line transmission to the transmitter speech amplifier. This level is 
customarily limited by the telephone companies, from wliom the lines 
are leased, to approximately 0 db with |>ennissible peak levels of short 
duration not to exceed +- 2 db. The gain of the program amplifier is 
controlled by the operator through a Toaster control. Tn some tyjies of 
circuits, this control functions actually to vary the gain of the amplifier. 
However, the approved types of program amplifiers utilize an attenuation 
network in the output circuit with variable taps. The amplifier is thus 
permitted to function at a fixed gain, which is determined by the point 
of best operating efficiency and fidelity. 

In addition to providing program levels for the line, the program 
amplifici must also provide much higher levels to operate h Jouris]leaker 
utilized by the control ojicrator for monitoring purposes. Although a 
separate amplifier is often usod for this purpose, both functions are 
customarily combined in a single amplifier This amplifier provides 
sufficient gain to operate the speaker. An attenuator network reduces 
this level to the proper amount necessary to feed the line 

In addition to guarding the maximum line levels, the control operator 
must see that the modulation capabilities of the transmitter are not 
exceeded. The level going to the line must never be allowed to exceed 
that value which causes the transmitter to overmodulate. On the other 
hand, the level must never be allowed to fall Mow the value at which 
the over-all circuit noise level exceeds that of the program. Normally, 
these functions are performed by the control ojicrator by manual manipu 
lation of the master gum control. In effect, he ’‘compresses'’ the volume 
range of the program whenever necessary to keep it within the necessary 
limits. 

Modem program amplifiers automatically jierfurm the function of 
volume comprelaw a, thus relieving the operator of this duty. The gain 
of such amplifiers can be adjusted in the normal maimer, but the output 
can be limited to a certain level which is predetermined and manually 
adjusted. Although the amplifier functions over the normal wide range, 
all output levels in excess of the predetermined value are reduced to this 
value. This critical value is determined by the power level into the line 
that will permit 100 per cent modulation of the transmitter. 

Volume compression is obtained by feeding a portion of the output 
voltage into a rectifier. The d-c output of the rectifier is utilized to 
increase the negative bias on one of the amplifier tubes, thereby decreasing 
the gain. An adjustable attenuator circuit between the amplifier output 
and the rectifier input circuits determines the level at which the rectifier 
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begins to operate and permits adjustment of the compression circuit. 
By means of this adjustable attenuator control, the unit can be adjusted 
so that compression will start above any desired level. 

ATTENUATORS 

Attenuators are networks of resistors that find wide application in 
broadcast work and are used whenever it is desired to introduce a loss 
into a circuit, as the name implies. Tn addition, they are also used as a 
means of matching circuits having unequal impedances. In such coses, 
they are designed to introduce a minimum amount of loss into the circuit. 
Since attenuator networks are composed of resistance only, the inductive 


MVM— 



(a) (hi 

Fig. 302. (a) L-pad. (b) Equivalent cimiit for (a). 

and capacitive effects are negligible and the frequency response charac¬ 
teristics of a line or circuit are not altered by their insertion. Where line 
balan(*e is important, balanced attenuatorh are available, which have 
symmetrical proportions that do not disturb line-balance conditions. 
Where line balance is not important, simpler attenuation networks arc 
available that have characteristics equivalent to the similar type of 
balanced network. 

Attenuator Networks. Attenuator networks, moie often called attenu¬ 
ator pads, or line pads, are of three general types, namely, the L pad, the 
T pad, and the n pad. The lattei type is often called a “ladder" attenu¬ 
ator because the circuit drawing resembles a laddci when several such 
pads are combined. The simplest form of attenuator pad, aside from a 
single resistor, is llie L pad, shown in Pig. 1102(a). This, it will bo seen, 
is simply a circuit containing a resistor in scries with one wire of the line 
and another resistor shunted across both wires, as shown in Pig. 302(b). 
An L pad can be used only between circuits of unequal impedances, 
since it is apparent that one of the pad resistors will always be in series 
with one of the line impedances but not with the other. 

The attenuator pads most widely used are of the T and it types, both 
of which are available as either balanced or unbalanced networks. The 
balanced T pad is usually called an “ H pad” because of the configuration. 
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The values of the component resistors of an attenuator pad depend 
upon the input and output impedances of the circuits to which the pad 
is coupled and upon the inherent loss desired in the pad. Pads can be 
designed to work between any two impedances, whether equal or unequal. 
For any given input-to-output (or vice versa) impedance ratio, however, 
there is a certain minimum loss inherent in the pad. Conversely, for a 
pad of given loss, there is a certain maximum impedance ratio that may 
not be exceeded. Thus, the maximum inifiedance ratio that a 10-db 
pad may have is 3.018, that is, an output impedance 3.018 times input 
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Fri?. 303 Kqim ulc»nt bultiiuiul and unbulnncod pads foi uso \ilion input and output 
impoddiHos mo "ijiiul. (a) Halunred rr pad. (hi Iinhiilnnml ir jmd ( 4 *) Balanced 
T (or If) pml ( 4 !) Unbalanced T pud 

impedance, or vice ^ersa. If any attempt is made to increase the 
impedance ratio, the lost* will become greater than 10 dh. Stated in 
another way, if the impedance ratio of a pad is designed to be 3.018, the 
loss introduced by the pad must be at least 10 db Pads for this impedance 
ratio can be designed having any loss r //eaier than 10 db. If, however, 
any attempt is made to decrease the loss to a value less than 10 db, the 
impedance ratio will fall below the desired \alue of 3.018. 

Formulas have been derived for each resistor in an attenuator pad. 
These formula h give the resistance value in ohms in terms of the input 
and output impedances combined with a loss constant, or multiplier. 
The loss constants for T and tt pads of both the balanced and unbalanced 
types are tabulated in Table VI of the Appendix for the most frequently 
required Iorrcs. The maximum possible impedance ratio for each loss 
value is also shown. 

Attenuator networks for balanced and unbalanced T and n pads are 
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shown in Fig. 303. The formulas shown for the resistor values are for 
the simple case where input and output impedances are equal. The 
common value of input and output impedance is represented by tin 
letter Z, and the remaining letters refer to the loss constants listed ii 
Appendix Tabic VI. 

The design of attenuator networks to be used between unequal 
impedances involves considerably more calculation. The iormulas for 
the component resistor values in the balanced and unbalanced T and 7 r 

A4 2 ' 1 * Aftt 2 * 
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Zt h__ fit *2 

C A C ~A~ 
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(C) (d) 

Fn, 304 Rqiu\ tdent bidHnred and unbnlani t«l pads to bo used between unequal 
impedances (n) Balanced it pml (Ii) l nbtilanced it pad (c) Balanced T (or H) pad 
(d) Unbalanced T pod 

pads are shown in Fig. 304. In these formulas, Z x represents input 
impedance, Z 8 repiesents output impedance, and the remaining letters 
refer to the loss constants of Tabic VI 


Problem. It is desired to design an H-type (balaneed-T) pad to work 
between equal impedances of 500 ohms that will have a loss of 15 db. 

Solution. The pad desired is of the type shown m Fig 303(e) The loss 


constants B and C for a 15-db pad are found from Table VI to be 

B - 0 34005, (1) 

('-0 3072. (2) 

Then, 

senes element - BZ - 0.34905(500) - 174 525 ohms, (3) 

shunt element — CZ — 0.3972(500) — 183.6 ohms. ( 4 ) 
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The foregoing work con lie checked by drawing the equivalent series-parallel 
circuit of the network as it appears from either end and including the line 
impedance of the opposite termination. This is Bhown in Fig. 305. The upper 
series leg of the middle parallel circuit is 

BZ + Z Q + BZ -= J75 f 500 (- 175 = 840 ohms, (5) 

where Z v =■= output impedance -- 500 ohms; 

BZ =■ 175 ohms - approximate value taken from Eq. (3). 


The net resistance of tlie middle parallcj circuit is 


840 • 184 154,500 

840 4184 “ 1,024 


150 ohms, 


where CZ -- 184 ohms — approximate value taken from Eq. (4). 


( 6 ) 


The resistance of the entire series-parallel combination then becomes 

BZ + 150 | KZ- 175 j 150 4- 175 - 500 ohms. (7' 

Since 500 ohms is the desired input impedance, the network checks for 
proper termination. The network eould be checker] for termination by looking 


BZ Zo BZ 



Fiu. Kqi mu lent swies-pdrullpl netvuik of a bultirn-otl T pad. 


into the output end in a similar manner. The only change in the equivalent 
circuit, then, would be substitution of Z, for Z 0 . Since the input and output 
impedances are equal, the foregoing proof suffices for both terminations. It 
is seldom necessary to cheek such a circuit from both terminations, even when 
input and output impedances are unequal. If tlie network checks from one 
end, it must, of necessity, check from the other end. 

The network can be chocked for power Joss by assuming an input power of 
some convenient figure applied to cither end. The current distribution through 
the equivalent network is then calculated and the power expended in the 
output impedance determined. The ratio between input and output power is 
then computed and converted into decibels. Thus, assuming a power input of 
50 w in the pad of the foregoing problem, the current flowing into the circuit is 

i = (8) 

where R — 500 ohms — total circuit resistance, including output impedance. 
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The voltage across the middle parallel circuit of Fig. 305 is then found to be 
E --- IR -- 0.310(150) = 47.4 volts. ( 9 ) 

The current in the upper leg of the middle parallel eircuit is 

m 47 4 

1 R ~ 84^ " 0 056 amp - (AO) 

The power expended in the output impedance is 

P- PZ - (0.05fi)*500 =- 1.57 w. ( 11 ) 

The power ratio between input and output powers ih thus found to be 

P 5C 

Power ratio = p 1 ] 57 (12) 

From the fundamental formula for the decibel (see Chap XIV) 

N ~ 10 log p** (13) 

Substituting Eq. (12) in Eq. (13), 

N db 10 log 31 6 = 10(1 400) 14 00 db. (14) 

The attenuator pad th(*refore cheeks with an insertion loss of approximate 
15 db. 

Attenuator pads have three major applications in broadcast work. 
The most common use is for the purpose of introducing a loss in the 
eircuit. This application is illustrated in the program amplifier discussed 
in the previous section, where an attenuator pad is utilized to decrease 
the power level at the monitoring loudspeaker output to the proper level 
for transferring to the transmitter line. This is an example of purposely 
inserting pad loss in a circuit. 

Pads are often used when patching circuit connections in preparation 
for remote hne pickups, as, for example, when it is desired to couple a 
500-ohm line to a 200 ohm amplifier input. In such cases, the pad is 
designed for minimum loss consistent with the impedance ratio desired. 
This loss is usually easily recovered by increasing the gain of the succeeding 
amplifier. In this application, as in the foregoing one, attenuator pads 
have the advantage of economy and of not affecting the frequency response 
characteristics of the circuit. Since all the pad elements are resistances, 
the insertion loss is a constant at all frequencies. 

Attenuator pads also find considerable application as circuit-isolation 
devices. Since transmission lines and transformers are true impedances, 
they vary with the frequency. If an amplifier output transformer is 
coupled directly to a transmission-line load, the transmission line and 
transformer impedances will vary considerably at different frequencies. 
This variation causes a corresponding variation in the reflected plate 
load in the final amplifier stage, with a resultant variation in amplifier- 
frequency response. The insertion of a balanced attenuator pad between 
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transformer and Jine will greatly minimize this impedance fluctuation. 
This can he seen by an inspection of the H-pad equivalent circuit of Fig. 
305. If Z, represents the transformer terminal impedance and Z 0> the 
impedance of the Jine, it is apparent that even a direct short circuit of 
Z„ would not reduce the impedance presented to the transformer to zero. 
Similarly, if Z„ were ojion-circuited, the load presented to Z, would still 
be considerable. If the transformer were connected directly across the 
line without the pad, it is obvious that under the above conditions the 
impedance across the transformer would \ary from zero to infinity. 

It can also he seen by inspection of the diagram that the larger the 
resistance value of the pad elements, the smaller the proportion of total 
impedance Munition caused liy a ghen fluctuation of load impedance. 
In other words, the higher the pad loss, the greater its effectiveness as 
an isolation unit. Actually, the total impedance variation across the 
transformer terminals lining the 15-db pad of the foregoing problem 
would he appioxmidlely 12 pci cent under the extreme conditions of a 
variation from short circuit to open circuit of the line, toy using a 40- or 
50-ilh pad the net impedance variation under the same conditions could 
he ieduced to nppinxmiatcly o 01 per cent Since, in actual practice, line 
impedance \amtious cover a much more limited range, relatively low 
loss pads are used with great effectiveness for isolation purposes. 

MIXER CONTROL UNITS 

Faders. One of the problems confronting the broadcast technician is 
that of feeding several individual channels into a common program 
amplifici in a manner tlial permits individual control of the channel 
levels. Such control enables the operator to fade individual channels up 
or dow n. Thus, a musical program can he faded down to permit announce¬ 
ments advertising talk*, or noise effects to he superimposed upon the 
program The \ aria file netw oi Ic m each channel hy means of which such 
adjustments are made, is called a fader. 

Faders are variable attenuator pads. In addition to providing a 
variable loss by means of tapped or continuously variable resistor elements,* 
faders also fulfill the function of maintaining the same input and output 
impedances, regardless of the attenuation setting All faders in common 
use are variations of the conventional T and H attenuation pads. Most 
commercial faders permit a v ariatinn in loss of approximately 40 to 50 db 
in steps of 2 db or less. 

Even when single-channel input to the program amplifier is utilized, 
faders art* used for volume control in preference to variation of the 
amplifier gam. It is customary' to adjust the program amplifier gain to 
the maximum value that provides the desired frequency-response 
characteristic as ascertained by an over all frequency' run. Once tliiR 

33 (N\) 
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adjustment in obtained, the amplifier gain is unchanged to prevent 
possible variation of frequency response. Since faders are resistance 
networks that have negligible inductance and capacitance, the over-all 
frequency response of a system is unaffected by their insertion or variation. 

The faders most widely used m broadcast work are the unbalanced T 
type and the li fir ladder type The circuit diagram of a typical T-type 
fader is shown in Fig. 306(a) The variable tail switches are ganged so 
that any increase in seiies resistance is accompanied by the propei 
decrease in shunt resistance to maintain the same input and output 
imjiedanceH. The values of the series and shunt elements are determined 
in the same maimer as those of a conventional T pad. The maximum 
value of the series resistois and the minimum value of the shunt resistor 

Input ^ ^ ^ Output 


(a) 



are determined In designing a fixed T pad having the desired maximum 
loss and proper terminal impedances. Anothei set of values for a T pad 
are computed to obtain a pad of minimum hiss at the (riven impedance 
ratio These values doteimine the taps on the first resistors for minimum 
loss setting of the attenuator and correspond to the maximum jiermis- 
sible value of shunt resistance elements and minimum permissible value 
of the series resistance elements. The values for the intermediate taps 
are computed in the same manner Each set of tap settings must be 
calculated separately for the desired loss, maintaining the same terminal 
impedances. T-type faders are used in channels where line balance is 
not of paramount importance, since the network is essentially unbalanced 
because all the scries resistance is in one side of the line. 

The faders used for balanced lines are ot the ladder type shown in 
Fig 306(h) 11 will he seen that the ladder fader is essentially a number 
of H-type attenuators in series. Loss variation is obtained by adjustment 
of the input circuit taps. The tap controls are ganged together to provide 
a balanced circuit at all .settings. Moving the tap pointers from left to 
right in Fig. 306(h) decreases the attenuator Joss. The position shown in 
the diagram is for maximum loss. As the tap pointers are moved to the 
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right, the series resistance in both legs is decreased. Simultaneously, the 
shunt resistance is increased because the series elements to the left of 
the taps become a part of the shunt circuit, which automatically preserves 
the original terminal impedances at all positions of the tap switches. 

Ladder-type faders are designed in the same manner as H-type 
attenuator pads. Owing to the greater number of resistor elements, the 
calculations become correspondingly more involved than those for the 
T-type fader. 

Mixers. When a number of faders for individual studio channels are 
simultaneously fed into a common program amplifier, the resulting 
network is called a mixer. A number of typical T-type and H-type 
mixers are shown in Fig. II »7. Most modern broadcast stations use series 
or series-parallel coupling of the individual faders to the program-amplifier 
input transformer. Parallel coupling is often used when balanced faders 
are available in all channels. When unbalanced faders are used, the 
jiercentage of total output imj)edam*c shift for a gi\on variation oi a 
single-fader output impedance becomes undesirable with parallel coupling. 

A series mixer circuit of four channels utilizing T-ty]>e faders is shown 
in Fig. .‘107(a). Since the fader outputs are connected in series, the output 
impedance of each fader should be one fourth the required amplifier 
input impedance. Thus, for an amplifier of 500 ohms input, the output 
terminal impedances for euch of the four faders of Fig. !107(a) should be 
125 ohms. 

Figure 1107(b) illustrates a four-channel T-type mixer utilizing series- 
parallel connection. The output impedance of each fader in this case 
should be the same us the input imjiodance of the amplifier. Thus, for a 
500-ohm amplifier input, the output impedance of each fader should be 
500 ohms. Kuch pair of parallel connected faders will have an output 
imjiedance of 250 ohms. Both of the 250-olnn impedances in series will 
result in a total output impedance for the network of 500 ohms. 

A series-connected four-channel ladder type mixer is shown in Fig. 
307(c). The output impedance is derived in the same manner as that of 
the T-tvpe mixer of Fig. 307(a). Although the ladder-typo mixer is, in 
general, more efficient than the other types, for economical reasons,* it 
is not so often found in practice. 

Most mixing is done at high program levels after preamplification. 
Generally speaking, the higher the level at which mixing is accomplished, 
the better. Although all contacts in mixer circuits ure of the * wiping M 
type, some noise does originate in these circuits. At high program levels, 
the noise voltage is inconsequential compared with the signal, and a 
certain amount of noise can !>e tolerated. 

When, as i’h often true, low-level mixing is employed for practical 
reasons, any noise voltages resulting from disturbances in the mixer 
circuit are of a level comparable to the signal. They therefore receive 
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approximately equal amplification with the signal in the suooeeding 
amplifiers and assume troublesome proportions in the output Con 
sequently, special care must be taken with fadeis used in km level mixing 
circuits to ensure freedom from dust, dirt, and oxidation of contact 
surfaces 

In order to perfoim properl > the operation of mixing the contiol 




^n 307 (h) lourthtuiiui J t\pi -.ruis mixn (1>) l oui (htinnol I typL stilts 

parallel mixer 

opcratoi is provided with «i volume ludiiatni that can be budged across 
the individual faciei outputs \lt hough a scpai ate \oliune indie atoi foi 
each channel e, desuable the cost is usually piohibitrve, and a single 
indicatoi is used 'with a switching aiiangement 

EQUALIZERS 

One of the objectives of lacho bioarlc asting is to transmit a studio 
program with the same lifelike quaht\ with which it is heard in the 
place where it originates In older to achieve such high fidelity ieproduc 
lion, all the equipment utihzed m i claying the piogiam to the transmitter 
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must have the same high-fidelity characteristics as the transmitter- 
modulator and speech-amplifier circuits, in modem broadcasting, 
essentially linear frequency response from 30 to 10,000 c is required of 
all program equipment. Since modem studio amplifiers and microphones 
are designed to meet these specifications, the only remaining components 
in a program network in which this element is a variable, are the studio 
links, that is, the transmission lines used to connect studio to transmitter, 
remote pickup to studio, 
and so on. 

The frequency response ^ f . -* If I 

of a transmission line is I r P r 

a function of its distributed 1 - 

inductance and capacitance. _ 

The response of a line there - - 

fore varies with its length. $2bout - I i % 

Since a great many differ I P P r _ 

ent circuits are set up in | - Output 

a busy broadcast station 
throughout the- rouree of a I 

day. it is evident that the | L L L 

frequency-response charac- ^3 Input - I 1 1 

teristics of the various lines AN+ApAmNmw - 

must often be checked - 

Checking is accomplished _ \ T 

bv jncaiis oi frequency run ft #4 Input - i i i 

oil the lines. From the | _I- 

frequency run, the actual 

frequency characteristics of ^ 

ft line are obtained. When 307(c). Four-channel ladder-typo aeries mixer, 

the response characteristic 

is not essentially linear within approximately plus or minus 2 db over 
the desired range, it is desirable tn alter the characteristic of the line. 
This is accomplished by means of equalization network#. or equalizer#, 
which ai*e inserted across the line. 

The equalizers used in broadcast work consist of an inductance and 
capacitance in parallel, connected in series with a variable resistor across 
the line, as shown in Fig. 308. Most transmission lines are lacking in h-f 
response because of the shunting effect of the capacity between the lines. 
Since capacitive reactance varies inversely with the frequency, the 
reactance becomes very low at the high frequencies and effectively causes 
a partial short circuit at these frequencies. The longer the line, the 
greater the capacitance and the low r er the capacitive reactance become. 
Hence, the h-f attenuation increases with line length. 

It is impossible to decrease the Line attenuation at high frequencies. 


H3 Input ; 


#4 Input . 


Four-channel ladder-typo senes mixer. 
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However, it is possible to increase the attenuation at low frequencies 
with the circuit shown in Fig. 308. The L and C constants of the circuit 
are chosen to make the circuit resonant at a fairly high frequency, 
customarily 5,000 c. At this frequency, the parallel resonant circuit 
offers almost infinite impedance and has negligible shunting effect across 
the line. With the proper choice of circuit constants, the impedance falls 
off relatively slowly at frequencies higher than resonance. At frequencies 
lower than resonance, the impedance drops quite rapidly. The shunting 
effect at low frequencies is quite pronounced and varies inversely with 
the frequency. The extent to which the low frequencies are by-passed 
is determined by the setting of the series-variable resistor. By judicious 



fa) tb) 


Fm. 308. (a) Parallel-circuit equalizer (li) Keries-ciiciul equaliser. 

adjustment of this resistor, essentially linear response can be obtained 
by making the 1-f loss through the equalizer equal to the h-f loss in the line. 

A similar effect may also lie obtained h} the series circuit equalizer 
shown in Fig. 308(b). la this ease, the L and C components are chosen 
to produce series resonance at a low frequency. At this frequency the 
circuit offers minimum imjiedancc (equal to the resistance), and the low 
frequencies are effectively hv passed As the frequency is increased 
above resonance, the imjiedancc of the scries circuit increases. At the 
very high frequencies, the shunting effect is negligible. 

THE MODULATION MONITOR 

All broadcast stations are required by the F(V to have in operation a 
modulation monitor of a type approved by the Commission. Such 
monitors provide a continuous indication of the percentage modulation 
and are usually used in conjunction with controls that permit the moni¬ 
toring operator to vary the modulating voltage. 

Modulation monitors o|)erate on a small r-f voltage obtained from the 
transmitter output. A typical commercial modulation-monitor circuit 
is shown in Fig. 309. Essentially, the monitor circuit consists of a 
diode rectifier, a suitable r-f filter circuit, and a metering circuit. 
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Fh>. 309. Circuit of a typical modulation monitor. ( Courtesy of General Radio Company ) 
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The metering circuit consists of an audio rectifier and a vacuum-tube 
voltmeter. 

The r-f input to the modulation monitor is controlled by a series- 
variable attenuator or by variation of the input transformer coupling 
and is applied to a diode rectifier (detector). The r-f component in the 
output of the detector is removed by the r-f filter. The pulsating d-c 
output therefore contains only the a-f (modulation) component. The a-f 
voltage develojied across the diode load resistor by this component is 
rectified by the metering-circuit diode rectifier and is used to charge a 
capacitor. The capacitor has a very high resistance load; consequently, 
although it charges very rapidly, it discharges at a relatively slow rate. 
The voltage across this capacitor controls the grid of a triode connected 
as an electronic voltmeter. The plate current of the triode is proportional 
fco the degree of modulation, and a microamincter in the plate circuit is 
calibrated to read directly in percentage modulation. 

High-speed action of the meter needle is necessary in order to follow 
the peaks of modulation. However, as in the case of the volume indicator 
previously mentioned, this action in itNelf would result in violent fiuctua 
tions of the needle and make accurate readings very difficult. For this 
reason the high-resistance load is plated across the capacitor in the 
metering circuit. The slow discharge circuit allows the needle to rise 
very rapidly on |>eaks, hut the falling off from these peaks is markedly 
retarded, thus greatly increasing the accuracy of readings. 

Many commercial modulation monitors utilize peak-finhJt indicators , 
which operate to light a lamp or ring an alarm bell through a relay 
circuit when predetermined peak levels are exeeeded. Such circuits 
consist of an amplifici driving a grid-controlled gas tnode. The monitor 
ill Fig. H09 utilizes a type (K 1 # amplifier driving an 885 gaseous triode. 
The gaseous triode is normally biased beyond cutoff. The audio voltage 
across the load resistor of the monitor first diode (r f diode) is used to 
drive the amplifier. Whenever the peak value of the diode output audio 
component exceeds the amplifier grid bias the grid becomes positive, 
and plute current flows. The plate voltage rhop developed across the 
transformer primary is stepjied up and applied to the KN, r > grid, over¬ 
coming the cutoff bias. The gaseous tube triggers, or discharges, and 
current flow's in its plate circuit. This current opeiates a lamp, which 
provides visual indication of excessive modulation peaks. A relay may 
be connected in the circuit in place of the lamp and the contacts utilized 
in a numlier of ways to operate auxiliary indicating devices. 

Sufficient r-f pickup to operate t lie modulation monitor can be obtained 
by placing a small coil of a few turns close to the antenna lead or to the 
final amplifier tank circuit. By means of a low imjiedanoe transmission 
line, the coil is coupled to the monitor input circuit. Sufficient coupling 
must be provided so that the carrier meter in the monitor input diode 
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circuit can be set to 1O0 after the signal has been tuned to resonance. 
Some margin must be allowed in this setting to provide for transmitter- 
output variations. 

The tuned circuit in the monitor is damped by two resistors in parallel, 
which considerably broadens the resonance peak of the circuit and 
prevents possible cutting off of side bands. If one of the resistors is 
removed, somewhat less power will be required to operate the instrument, 
but side-band clipping will be increased. If more than half the available 



Kiu. 310. Control console rnntnimng transmitter controls anil .iudm modulation, and 
(requenoy-momt oilrig (*qiu|mion1 (Comi/mi/ of Radto hnqmpf ring Lahoiatonrh, Inc.) 

tuning capacitance is in the circuit, however, tbo cutofl action will not 
be extreme. 

QUESTIONS AND PROBLEMS* 

L What is the purpose of H- or l 1 -j>atl attenuators f 

2. Draw a simple diagram showing four mixers connected in scries parallel, 
and using coinpensatinu resistors and feeding a balanced load with proper 
matching. 

3. Why are preamplifiers sometime* used ahead of mixing system* * 

4. What is the purpose of a variable attenuator in a speech-input system ? 

5. Why is u high-level amplifier that is feeding a program transmission line 
generally isolated from the line by means of a pad ! 

* These questions and problems hto taken from tlio “F.C.C Study Guide for Commercial 
Kadio Operator Examinations.” 
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6. Why are program circuits that are usmg telephone lines usually fed in 
at a level of about 12 mw ? 

7. What is the purpose of a line equalizer ? 

8. Draw a diagram of an equalizer circuit most commonly used for equalizing 
wire-line circuits. 

9. What methods are employed to avoid switching clicks in switching 
operations of mixing circuits ? 

10. Why is it generally unnecessary to equalize a short wire line program 
circuit 1 



Chapter XIX 

TELEVISION AND FACSIMILE 


The art of transmitting }ii< t urea or images by electrical means is not 
new but dates back to the experiments of the Himese researcher Nipkow 
in the late nineteenth century. The rotating scanning disk with spirally 
disposed apertures, which is the basis of most mechanical television 
scanning systems, is credited to Nipkow. The number of systems that 
have been developed for the transmission by radio of pictures (radio 
facsimile) and of images (television) is legion. Until the advent of 
electronic scanning, however, it may safely be said that the results were 
far from completely satisfactory, and there are a number of problems 
still to be solved. Nevertheless, tremendous progress has l>oen made in 
the last decade in both the theoretical and' the practical approach to 
the task. 


TELEVISION 

Basically, television consists of the transmission of an image (which 
may or may not be moving) m> that the reception is to all intents and 
purposes instantaneous so far as the observer is concerned. In other 
wolds, the element ot time must be considered. This is one imjiortaut 
respect in which television differs from other means of transmitting 
intelligence. Thus, in the transmission of sounds by radiotelephone, a 
single tone of specified duration is converted into an a-f electric current. 
By the process of modulation, radio transmission, and so on. this a-f 
electric current is reproduced at the radio receiver where it is converted 
into a sound consisting of a tone with the identical frequency and duration 
of the original sound. In television, an entire scone cannot be transmitted 
at once, as can a single tone or combination of tones It is necessary to 
break down the scene into a multitude of smaller scenes, actually small 
spots, or dots. Each dot must be transmitted separately and received 
separately. In order that the viewer may observe the scene as a whole, 
all the dots composing a scene must lie transmitted within a certain time 
minimum. The limiting time interval is a physiological factor and is a 
function of that peculiar inert iu of the human eye referred to as persistence 
of vision. When it is realized that in order to reproduce an image 2 in. 
square with good resolution, it is necessary to transmit approximately 
150,000 dots in a small fraction of a second, the importance of the time 
element can be appreciated. Furthermore, in order to produce the illusion 
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of motion, it is necessary that a given image be completely transmitted 
at least sixteen times per second. In present-day electronic television 
systems, 30 frames, as they are called, are transmitted per second because 
of technical limitations to be discussed in a later part of this chapter. 
This means that to reproduce a moving image only 2 in. square, 150,000 
dots must be transmitted 30 times each second—a total of 4,500,000 dots 
per second. 

The phenomenon of persistence of vision is due to a peculiar character¬ 
istic of the huinAn eye. The retina of the eye will retain an image for a 
fraction of a second after the scene being viewed has been removed. Tliis 
characteristic is utilized in motion picture? to produce the illusion of 
motion. If a number of pictures exactly alike arc presented to an observer 
rapidly enough, the observ cr thinks he lias seen but one picture. The first 
picture is retained by the eye until the second one ap|»ears: the second 
one is retained until the third appears, and so on. It has been found 
that the pictures must be presented with a frequency of at least 15 
pictures (frames) per second to produce this illusion. 

In motion pictures, a series of progressive photographs arc made 
depicting the various stages of a movement (of a person, for example). 
When these pictures an 1 presented to an observer in pioper order at a 
speed in excess of 10 pictures per second, he thinks lie sees a single 
continuously moving picture. 

Television would he impossible were it not for the persistence of vision 
characteristic of the human eye, since because of this characteristic a 
scene can be broken up into a number of small spots. If the last spot of 
the 150,000 in the image previously mentioned is transmitted within 
see of the first spot the fust spot will still be retained by the eye as 
well as all the intervening spots. Consequently, although the observer is 
actually viewing a succession of minute spots, the result apjiears to him 
as an entire scene. By transmitting a minimum of 10 such scenes, or 
frames, per second, the illusion of a moving scene is created. 

The number of spots into which a scene must be resolved for satis 
factoiy television is also dejiendent upon a characteristic of the human 
eye. If a newspaper photograph is closely observed, it will tie seen that 
it is composed of a number of Miiall dots of ink of varying degrees of 
darkness. If a magazine photograph is closely observed, it will be seen 
that it is likewise composed of myriads of small dots. In the magazine, 
however, the dots are smaller and closer together. When compared with 
the newspaper picture, the magazine picture will be seen to be much 
dealer. The difference is a mutter of resolution . The magazine picture 
is said to have good resolution; and the newspaiier picture is said to 
have relatively ]>oor resolution. 

If a high-grade photograph is closely scanned by an observer, probably 
no dots at all w ill be obsen ed. The surface of the photograph will appear 



TELEVISION AND FACSIMILE 


507 


to be continuous. Nevertheless, if this photograph were inspected under 
S a powerful lens, it would be seen to be composed of dots also. The dots 
would be microscopically small and almost infinite^ close together. 
The limit beyond which the human eye is incapable of distinguishing 
such dots, as the dots and the separation between them are made smaller, 
is called the limit of resolution of the eye. Because of the fact that there 
is such a limit, it is possible to obtain high-fidelity reproduction by means 
of dot transmission. The number of 
dots that it is necessary to transmit 
to produce excellent reproduction 
(in this respect) of a scene of given 
size depends upon the avwage 
finite resolving power of the human 
eye. 

The Television Transmitter. The 

heart of a television transmitting 
system is the scanning unit. There 
are two methods of electronic scan¬ 
ning used with success in this 
country. The first utilizes an image 
(U/iserlot developed by J\ T. Farns¬ 
worth as the scanning unit, and 
the second utilizes the iconoscope 
developed by V. K. Zworykin The 
system employing the iconoscope 
w ill he described in this chapter. 

The iconoscope depends for its 
operation upon an electron gun .simi¬ 
lar to that used in the conventional 
cathode-ray tube The details oJ an 
elementary iconoscope olcctron gun 
are shown in Fig. 311. By means of 
two positively charged electrodes disposed as shown in the illustration, 
the emission of a hot cathode is concentrated into a narrow" beam of 
electrons. When the electron beam is passed between tw r o horizontal 
plates having a difference of potential between them, the beam is bent 
because of the attraction of the electrons toward the more positively 
(‘barged plate. Since the plates arc horizontally mounted, the deflection 
of the electron beam will he in a vertical direction, that is, toward either 
the upper or the lower plate. Similarly, horizontal deflection of the 
electron beam is accomplished by passing it between a pair of vertical 
plates. The beam can then be directed, very much like a stream of water 
from a hose nozzle, by the disposition of the voltages on the horizontal 
and vertical deflecting plates. 



gun, 
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In some types of iconoscopes, deflection of the electron beam is accom¬ 
plished by the action of magnetic fields upon the beam. The two com¬ 
ponents of deflection at right angles to each other can be obtained by tw*» 
coils so mounted that their magnetic fields are perpendicular to each 



other. Usually, however, a single coil of special design is utilized to 
achieve this effect 

An elementary iconoscope is shown in Fig. 1112. The electron gun is 
in the long cylindrical neck of the tube. A photosensitive plate, or screen, 
is so disposed in the enlarged portion of the tube enveJojie that the electron 

beam can be directed to every part 
of its area. The optical image of the 
scene to be telc\ised is focused upon 
the plate, and the plate is placed at 
an angle so that the electron gun 
docs not interfere with the optical 
path of the scene. Upon the illumin¬ 
ated side of the plate is a mosaic 
surface of minute silver globules that 
are photosensitized and insulated from 
one another The plate itself is com 
]M>sed of an insulating material, usually 
a \erv thin sheet of mica. The other 
side of the plate is coated with a metal film to form a conducting electrode 
known as the signal plate. 

Eaeli globule of the mosaic* forms a small capacitor with respect to the 
signal plate. When light from a scene falls upon a globule, electrons are 
lost through photoelectric emission. The globule therefore liecomes 
positively charged with respect to the signal plate The magnitude of 
the charge is proportional to the light intensity. 

By means of saw-toothed voltages applied to the horizontal and 
vertical deflecting fields of the electron gun, the electron beam is caused 
to scan the mosaic plate in a number of successive lines from left to right, 



TELEVISION AND FACSIMILE 


508 


as shown in Fig. 313. The generation of saw-toothed wares and the 
mechanics of scanning are enlarged upon in a following section. 

When the electron beam strikes a globule that has been positively 
charged through photoemission, the negative charges that have been lost 
are replaced by the electrons in the beam. The beam, in effect, therefore, 
discharges the globule. At the instant of discharge there is a flow of current 
through the resistance R proportional to the positive charge accumulated 
on the globule. The voltage drop across R is then proportional to the 
globule charge and hence proportional to the intensity of the illumination 
upon this particular globule. 

Tt will be seen, therefore, that the voltage applied to the input circuit 
of the amplifier tube continually varies as the spot of the eloctron beam 
passes from globule to globule. The extent of this variation depends 
upon the relative intensities of illumination upon adjacent spots of the 
mosaic. The amplitude of the a-c component in the amplifier plate circuit 
at any instant is therefore a function of the intensity of the illumination 
upon the globule being scanned at that instant. The frequency of the 
plate circuit ii-c* component depends upon the rapidity with which 
globule illumination intensities change during scanning. Since there are 
countless gradations in contrast in the average scene, it is apparent that 
the signal being amplified will contain frequency components that vary 
from low values to extremely high values. 

The extreme case requiring the highest frequency would be represented 
by an image of a checkerboard pattern of alternate black and white 
squares witli the side of each square equal to the width of the scanning 
line. In scanning such a scene, the iconoscope output w ould be alternately 
large and small as the beam spot passed from a white to a black square. 
One cycle of output current would be represented by the scanning of 
two successive squares, one white and one black. Since the frequency of 
an alternating current is expi'esscd in cycles per second, the frequency 
that the iconoscope amplifier would he required to transmit in order to 
amplify the chcckerhoard-image signal would equal the number of pairs 
of black and wiiitc squares scanned per second. Expressed mathematically, 

a l bu 

required frequency band - (1) 

tt 

whcie (t -- frame height in scanning lines; 

b -- aspect ratio (ratio of frame width to frame height); 
n -- number of frames scanned ]>cr second. 

The structure of a 441-line picture is sufficiently fine to be unobtrusive 
when viewed from a comfortable distance. The detail is comparable to 
that of home movies. A 441-line scanning pattern has therefore been, 
adopted as standard in this country. 
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The lequired band width for the transmission of a 441-line image is 
obtained by substitution in Eq. (1). Thus. 

' frame height a -- 441, (2) 

a 2 - 441 s 194.481. (3) 

If the frame width is a third more than the frame height. 

aspect ratio - ■!. (4) 


Since, under the present system, 30 frames are transmitted per second, 

w 30. (5) 

Substituting in Eq. (1). 


and 


required frequency band ^ 


frequency band 3.8HSUI20 


(«) 

(7) 


It has been found that transmission of the foregoing frequency band 
results in more detail in the direction of the scanning lines than in the 
vertical direction. Equal detail in both directions lias been obtained 
empirically when the transmission has a flat response t.o approximately 
2.75 megacycles and falls gradually to zero response at 4.25 megacycles. 
This result is approximated w ilh a system having a hand width of upprox 
iinately 00 per cent that of Eq. (7). For practical purposes, therefore, 
Eq. (1) is corroded to read 

required frequency band 0 Sti-hu. (S 

The frequency band for the 441-line image under discussion would 
therefore have to be 2,353.772 c Allowing 10 per cent for synchronizing 
pulses, the actual baud required would be 2.503,080 c. When this is 
used to modulate a earner, the total width of the two side hands is thus 
approximately 5 megacycles. 

As a result of the enormous side-band requirements, it has been 
impossible to utilize the standard broadcast bands for radio television. 
Experimental television broadcasting has therefore been carried on 
extremely high frequencies on the order of 40 megacycles or more. Ou 
these ultrahigh frequencies, the side-band widlh is not too great a pro¬ 
portion of the carrier frequency. The F(V recently made a tentative 
frequency allotment of the u-li-f portion of the spectrum. The television¬ 
broadcasting assignments lie betw ecu 40 and 85 megacycles, and tlie 
frequencies from 150 to 300 megacycles have been tentatively assigned 
to television relay stations. 

It is apparent that the amplifiers used to amplify, the iconosco[>c output 
currents muRt be capable of handling very wide frequency range without 
amplitude or phase distortion. To achieve this condition amplifiers of 
the impedance-coupled tyj)e using resistance-inductance coupling circuits 
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are usually employed. Special tubes, such an the 1851, 1852, and 1853, 
have been developed especially for television work and incorporate the 
infcerelectrode capacitance and transoonductance values necessary for 
wide-hand amplification. In order to distinguish them from r-f and a-f 
amplifiers, television iconoscope signal amplifiers have been called video 
amplifiers. The output signal obtained from the iconoscope is commonly 
called a video-frequency current. 

Sweep Voltages. The deflecting voltages, or sweep voltages, applied 
to the horizontal and vertical deflecting plates of the iconoscoj>e would 



(a) 




314 (u) Theoretical ulo.il s,tvv-tooth w.i\n ioim. (b) picul biwi-footh oscullator- 

outpnt wine form, fc) btiw-tunlh riispl.uomoiit compouont r ro(|Uirod for BCuniiiiiR. 

be inquired to have the wave flam of a perfect saw tooth—as in Pig. 
311(a) for ideal deflect ion of the electron beam. Such a wave form, of 
course, is impossible of attainment since it would require that the voltage 
drop from maximum to zero in a zero time interval. Saw-tooth oscillators 
have been developed, however, which generate a signal closely approaching 
the ideal wave form. Such a wave foim is shown iu Fig. 314(b). The 
return time, tliat is, the time required for the voltage to drop from 
maximum to zero, is reduced to a good minimum. 

Saw-tooth voltages of the w ave form shown in Fig. 314(h) are generated 
iu television systems by the special form of oscillator illustrated schem¬ 
atically in Fig. 315. The condenser G is charged by voltage E b through 
the high resistance H. Tn the absence of an input synchronizing pulse, 
the tube is nonconducting and does not interfere with the capacitor 
charging process. With properly chosen circuit parameters, the charging 
n (NM 
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voltage across C builds up linearly and is coupled to the electron-gun 
deflecting plates through coupling capacitor C. When a synchronizing 
pulse is applied to the tube input circuit, the negative grid bias is over- 
come, and plate current flows momentarily. This arrangement affects an 
almost instantaneous discharge of the capacitor, causing the voltage to 
drop to zero. When the synchronizing pulse is removed, plate current 
ceases to flow, and the capacitor starts to charge again, thus beginning 
another saw-tooth cycle. 

One saw-tooth oscillator of this type is coupled to the iconoscope 
horizontal deflecting plates and another to the vertical deflecting plates. 
The only difference is in the frequency, the horizontal deflecting frequency 
being higher than the vertical deflecting frequency. A comparison of the 
wave forms is shown in Fig. .‘114(c). During the linear increase of the 
horizontal deflecting voltage, the electron beam is caused to move from 
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left to right across the iconoscope mosaic Upon arriving at the far 
right-hand side of the mosaic, the voltage drops to zero, causing the 
electron beam to shift rapidly to the far left-hand side of the mosaic to 
start another scanning line. At the same tunc, owing to the more slowl> 
increasing vertical deflection voltage, the beam is caused to move relatively 
more slowly downward. At the completion of one frame of scanning, the 
vertical deflecting voltage drops to zero, causing the beam to shift to the 
top of the mosaic. 

The vertical deflecting saw-tootli generator, it is apparent, generates 
one complete saw-tooth wave form for each image frame and therefore 
oscillates at a frequency of ill) saw-tooth cycles. The horizontal deflecting 
saw-tooth generator generates one complete saw tooth wave form for 
each line of scanning and therefore oscillates at a frequency of 441 ■ 30 
or 13,230 saw-tooth cycles per second. 

Synchronization. In television systems synchronization is accom¬ 
plished by the generation of pulses, one for each scanning line and one 
for each image frame. The pulses are usually produced by # a multi¬ 
vibrator oscillator whose frequency is adjusted by an inductance in the 
circuit. The pulses are transmitted simultaneously to the proper saw 
tooth oscillators (Fig. 313) and to the receiver (via modulation of the 
transmitter carrier). In order to distinguish them from the image signal, 
the synchronizing pulses are made much greater in amplitude. The 
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multivibrator providing the line-synchronizing pulses is adjusted to 
oscillate at scanning-line frequency of 13,230 c. Since it also triggers the 
scanning-line saw tooth oscillator, this pulse occurs during the period in 
which the scanning beam returns to starting (left-hand) position; and 
since it is greater in amplitude than the image signal caused by a black 
T>ortion of the image, this pulse also effectively blacks out the return 
trace of the beam in the receiver viewing tube (kinescope). 

The multivibrator providing the frame-synchronizing pulse is adjusted 
to oscillate at frame frequency, or 30 c ]>er second. Since this pulse 
simultaneously triggers the veii/ical deflecting saw-tooth oscillator, it is 
considerably longer in duration and is therefore easily distinguishable 
from the line pulse at the receive]*. This frame pulse also functions to 
obliterate the upward return trace of the beam in the receiver viewing 
tube. 

Flicker. It has been found that, although the eye is unaware of 
discontinuity of motion at frequencies above 10 c per second, it never¬ 
theless can detect flicker or change in light intensity at very much higher 
frequencies. The threshold frequency for awareness of flicker is approxi¬ 
mately 48 c under average conditions. The exact value depends upon a 
great many factors, including brightness of the object, color of the light, 
relative duration of light and dark, and so on. The flicker threshold of 
4 Sc has been recognized by the mot ion-picture industry, and it is the 
reason for the standard frame frequency of 24 e. Flicker is avoided by 
momentarily blocking out the exciting lamp in the middle of each frame. 
The light consequently flashes on the screen twice for each frame. As a 
result, the image is presented to the observer 48 times per second, and 
the eye is unaware of flicker. 

Because of the fact that stray power-frequency currents unavoidably 
creep into television amplifier and deflection oscillator circuits, if a 24-c 
frame frequency were used in television, periodic flicker and ripples in 
the received image would be created by the 00-c strays. To eliminate 
this disturbance, a frame frequency of 30 c was chosen as standard. 
Since 60-c power frequencies are almost universal in this country, any 
induced 60-c stray voltage will coincide with the frame frequency, and 
no objectionable image interference will result. 

Unfortunately, however, a frame frequency of 30 e is still below the 
eye flicker awareness threshold of 48 c per second. This difficulty is 
overcome by transmitting half an image at a time. The effective image 
presentation at the receiver consequently occurs at a frequency of 60 e 
per second, and no flicker is detectable. Half-image transmission is 
accomplished by interlaced scanning, illustrated in Fig. 316. The foregoing 
discussion has been based on a system utilizing sequential scanning , that 
is, scanning in which the lines are scanned progressively from top to 
bottom in the mosaic. In interlaced scanning, every other line is skipped 
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as the beam progresses down the mosaic. After the frame has once 
been scanned in this fashion, the intervening spaces (skipped lines) are 
scanned. In Fig. 316 the figures to the right of the drawing illustrate 

the order in which the 
h’nes are scanned. 

Interlaced scanning is 
accomplished by adjust¬ 
ment of the relative saw¬ 
tooth oscillator frequencies 
and by prolonging the 
sweep return time interval 
of the horizontal oscillator 

The Television Receiver. 

All modem television re¬ 
ceiving systems utilize a 
cathode-ray tube as the major image-receiving element. The tubes 
used for this application arc similar to the conventional cathode 
ray tubes employed in oscilloscope wuik Television image receiving 
tubes, however, are called kinescopes m some systems and, in general, 
are much larger than conventional cathode ray tubes in order to jiennit 



Fig. 316. (a) Sequential spanning 

scanning. 


(b) 

(h) Inlnrlnml 


Image 



Fig. 317. Block ilugrum of television transmitter western 


fair-sized images to bo reproduced. Higher anode voltages are also 
employed to produce higher levels of illumination. 

In the kinescope, the beam from an electron gun is deflected by vertical 
and horizontal deflecting plates to produce symmetrical scanning of a 
fluorescent coating on the wall of the tube envelope. Most modern tubes 
utilize willeinite for the fluorescent material. When the electron l>eam 
impinges upon the willemite screen, it fluoresces, the intensity of the light 
developed depending upon the magnitude of the electron stream. 
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The television receiver utilizer a superheterodyne cirouit especially 
designed to pass the wide frequency bands that are necessary. Usually 
an audio receiver (another su]>erheterodyne) is coupled to a common 
input circuit, thus affording simultaneous reception of both the aural and 
the visual signal. A common h f oscillator is employed to produce the 
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i-f heterodyne tor both icceivers. The video receiver intermediate 
frequency is usually on the oidci of 5 to 10 megacycles and utilizes band 
pass coupling circuits to provide the necessary linear iesponse over the 
desired wide range. The sound program is generally transmitted by a 
separate carrier The sound receiver utilizes a comparatively narrow i-f 
band-pass circuit Because of the common h-f oscillator, the sound 
receiver can be used as a pilot to determine when the video receiver is 
correctly tuned to its carrier 

After the second detector of the video receiver, the signal is amplified 
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by a video amplifier that brings the video signal level up to the value 
necessary to operate the* kinescope. This signal is then impressed on the 
kinescope grid and causes the electron beam to vary in intensity. 

Two local saw-tooth oscillators generate the horizontal and vertical 
deflecting plate voltages in a manner similar to that used at the trans¬ 
mitter. Proper timing is assured by the synchronizing pulses that axe 
received with the video signal in the second-detector plate circuit and 
utilized to trigger the oscillator tubes. The synchronizing pulses are 
separated from the video Rignal by coupling them to an amplifier that is 
biased considerably beyond cutoff. Only signals above the cutoff level 
(which is preadjusted above the video signal level) cause plate current 
to flow in the amplifier. The line and frame synchronizing pulses are 
separated by virtue of the difference in frequency and duration. This is 
accomplished by means of simple high- and low -pass filter circuits con¬ 
sisting of resistance and capacitance. The horizontal pulse is isolated by 
a series capacitance and shunt resistance in flic input of the horizontal 
saw-tooth oscillator. The vertical pulse is isolated by a scries resistante 
and shunt capacitance in the vertical oscillator input circuit. 

RADIO FACSIMILE 

The potentialities of iacsimilc as a mean* of expanding the capabilities 
of existing radio communication systems have served to focus attention 
on facsimile application in the field of radio. Facsimile, in general, is a 
means of converting written 01 printed copy, photographs, and other 
tyi>es of illustration into electric signals that may be transmitted via 
conventional wire or radio circuits. The technical features of facsimile 
transmission are similar, in general, to those of the widely used wirephoto 
and telepliotograph circuits. 

General Theory. A complete radio facsimile system comprises a scan¬ 
ning mechanism coupled to a conventional radiotelephone transmitter 
and a recording mechanism coupled to a conventional receiver output 
circuit. Copy to be transmitted is placed in a curved scanning gale . The 
copy is fed upward from the scanning gate to a feed roller that is operated 
by a pawl and ratchet arrangement. Light from a powerful exciter lamp 
is focused through a lens barrel upon a spot 0.01 in. in diameter on the 
copy. By synchronously controlled movement of the lens system, the 
light spot traces, or scans, a line from left to right across the copy. After 
each ioft-to-riglit trace, the copy is moved upw ard 0.01 in., during which 
time the scanning lens returns from right to left, or starting, |>osition. 
During this return movement of the scanning head, no picture signal is 
transmitted. 

During the left-to-right scanning trace, light from the illuminated 
0,01-in. spot on the copy is reflected into a photoelectric cell of the cesium 
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cathode type through another lens arrangement mounted at a downward 
angle from the scanning head. The photocell output is used to modulate 
a 2,000-c oscillator. The output of this oscillator is fed into the conven¬ 
tional sjteech-amplifier circuit of the radio transmitter proj>er. 

Maximum light is reflected from white copy, minimum from black. 
The photoelectric cell is so coupled to the audio-modulator unit that 
black copy results in maximum amplitude of the 2,000-c oscillator and 
white copy produces minimum amplitude. Intervening gradations of 
color between black and white produce corresponding variations in the 
audio-oscillator amplitude. 

At the receiving end of the system, the a-f output of the receiver 
consists of an intermittent 2,000-c note varying in amplitude. This audio 
output is rectified, and the resulting direct current is applied to a recording 
stylus. The latter consists of fine tungsten wire 0.01 in. in diameter 
mounted in a tubular sleeve and so disposed as to bear against the paj>er 
upon which the recorded copy is traced. The lateral movement of the 
stylus and upward feed movement of the copy paper are synchronized 
with the scanning-unit mechanism at the transmitter. The method of 
synchronism is discussed in a follow nig section. 

The recording paper is of a special electrosensitive material. The 
surface of the paper instantly darkens when a marking voltage of sufficient 
intensity is applied to the stylus. Marking of the paper usually com¬ 
mences at approximately 80 v (stylus to giound) and increases in density 
with increasing voltage. At approximately 170 v, a jet black trace of 
maximum density is attained. Since the d-c rectifier output voltage (the 
voltage applied to the stylus) varies directly with the amplitude of the 
2,000-c audio-signal component, the result is a reproduction of the trans¬ 
mitted copy on the electrosensitized pajier. 

The Scanner. Ail the mechanical operations in the scanning unit are 
performed by an 1,800-rpm synchronous motor. Through reduction 
gears and the previously mentioned pawl and ratchet arrangement the 
upward movement of the copy is derived. The copy, which may be in 
rolls several hundred feet long, is pressed firmly against the knurled 
surface of a feed roller actuated by the ratchet mechanism. During each 
return stroke of the scanning head, the ratchet gear effects a 0.01 -in. 
upward movement of the feed roller and, lienee, the copy through a cam 
movement coupling it to the driving motor. 

The scanning head comprises an integral assembly of an exciter lamp, 
photocell, and two lens systems. One lens system focuses the light from 
the exciting lamp through a small lateral ajierture called the ‘ scanning 
gate" upon a spot on the copy 0.01 in. in diameter. The other lens 
system focuses the light reflected from this tiny spot upon the photocell. 

The entire scanning-head assembly is given a reciprocating, or to-and- 
fro, motion by means of another cam arrangement. The reciprocating 
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motion results in a lateral movement of the light spot across the copy, 
from left to right, and return. Only the reflected light from the left-to- 
right movement is utilized for transmission purposes. During the right" 
to-left, or return, movement, the copy is moved upward 0.01 in., and the 
scanning head is returned to the starting position to start a new scanning 
cycle over a new portion of the copy 0.01 in. below the previously scanned 
portion. 

It is apparent that a variation in synchronism between transmitting 
and receiving equipment could occur if the resjiective driving motors did 
not o|>crate at constant speeds. Such a iimisynchronous system could 
result in serious distortion of the received copy if the variation, either 
lead or lag, were permitted to become cumulative. Such distortion is 
minimized by using motors that are, so far as jxissible, constant-speed 
units. Where an alternating current of stable frequency is available, 
synchronous motors are employed. In installations where it is necessary 
to utilize d o motors, such as aboard ship or in mobile installations 
ashore, speed variation is minimized by the use of governors. In addition 
to the above precautions, effective synchronism is further ensured by the 
transmission of a syHchruniziny pulse. This pulse, consisting of a 500-c 
signal, is transmitted during the time intenal in which the scanning 
head returns to starting position and ensures simultaneous starting of 
both the scanning head and recording stylus at the beginning of each 
cycle. Any error introduced by relative speed variation between scanner 
and recorder motors is therefore corrected at the beginning of each 
scanning cycle, and resultant distortion is prevented from becoming 
cumulative and is kept at a minimum. 

The circuit of a typical scanner is shown in Fig. 320. The 2,000-c 
facsimile carrier is provided by a conventional push-pull a-f oscillator 
utilizing a fiEB tube. During the scanning stroke, this oscillator is coupled 
to the screen grid of a type 1851 tube, which actR as an a-f modulator. 
Light variations on the photocell cathode produce changes in control- 
grid voltage of the 1851. This results in a variation in amplitude of the 
carrier signal present in the pJntc circuit of the modulator tube. 

During the scanning operation, the plate circuit of the modulator is 
coupled to the input circuit of a triode (fil i -5) signal amplifier through a 
switch operated by a cam on one of the motor-driven shafts. The triode 
amplifier output is fed into the conventional speech-amplifier circuits of 
a radiotelephone transmitter. 

During the return, or inoperative, period of the scanning cycle, a 
number of switching operations occur, all of which are controlled by 
motor-driven cams arranged to provide the jjroper timing sequence. As 
soon as the scanning (left to right) movement is completed, a switch 
disconnects the triode amplifier input from the modulator output circuit 
and connects it to one side of a synchronizing pulse switch. At the same 
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tame, asecond switch shunts additional capacity across the 6E8 oscillator 
tank circuit, shifting the oscillator frequency from 2,000 to 500 c. Just 
hcfore the scanning head commences the new operating cycle, the 
Synchronizing-ptQse switch closes momentarily, connecting the oscillator, 
now operating at 500 c, to the triode amplifier and thence to the radio* 
transmitter circuits. The 500-c synchronizing pulse is thus transmitted 



Fia. 320. Circuit diagram of two-column scanner. {Courtesy of Finch Tele-nommuw- 
catioru i iMboratoriea, Inc.) 


for a period of approximately one fiftieth of a second. Immediately 
thereafter, all switches return to normal position by cam action: the 
synchronizing-pulse switch is open; the oscillator is switched hack to 
2,000-c operation; and the triode amplifier is connected back to the 
modulator output circuit. The scanning operation then proceeds as in 
the previous cycle. 

The Recorder. In most of its mechanical aspects, the facsimile recorder 
is similar to the scanner. The upward movement of the copy paper is 
controlled by a pawl and ratchet mechanism similar to that at the scanner. 
The reciprocating movement of the recording arm is derived from cam 
action. 

The recording stylus, as previously mentioned, is a tungsten wire 
0.01 in. in diameter and is supported by a small tubular sleeve. The 
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stylus and sleeve, in turn, are flexibly mounted in a oradle at the end of 
the recording arm. The tip of the stylus is held against the paper by a 
delicate spring, the tension of which is arranged to permit self-adjustment 



of the stylus for irregularities and imperfections in the coatod surface of 
the pai>er. 

Proper sequence and timing of the various mechanical operations are 
obtained by means of a simple two-disk friction clutch which couples the 
driving cams to the motor gear reduction box. Once each revolution, 
the cam rotations are completely stopped when a projecting segment of 
the clutch-driven disk encounters a stop lever. The stop lever is attached 
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bp the armature of an electromagnet that is actuated by the 600-c 
ftutqsyuohroniziog pulse. 

v"'At ; the ;; stpp^ position, the recording arm is in position at the starting 
position, that is, at the extreme left-hand side of the recording gate. 
When the 500-c synchronizing pulse actuates the electromagnet, the stop 
lever is drawn back, thus releasing the clutch disk and permitting it to 



Fio. 321(b). Close-up of scanning head and exciter lamp housing. (Courleey of Finch 
Telecommunication#, Inc.) 


engage the drive disk. AH cam operations thereupon immediately com¬ 
mence and the recording arm moves across the paper from left to right 
in synchronism with the scanning head at the transmitter. Simultane¬ 
ously, the recording paper is fed through the scanning gate in an upward 
direction. There is no movement of the paper unless the recording arm 
is in motion. 

In order to permit correction of any discrepancy in timing caused by 
motor speed variation, the recording cycle is completed in a fraction of 
a second less time than that required for the scanning cycle. This is 
accomplished by decreasing the effective speed of the cam operations in 
the recorder. In units employing synchronous motors, this reduction; is 
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accomplished by different gearing. In d-c installations the motor speed 
itself may be preadjustod. In this manner, the entire recording operating 
cycle from left to right and return is completed jrat before the «r.a.nnmg 
cycle at the transmitter has been completed At this point, owing to the 
action of the dutch stop, all recording operations momentarily cease. 
Just before the completion of the scanning cycle at the transmitter, the 



Kic 321(r) Inf mu i ol m aiuiuijr lnmd {< mnU <</ oj Pinch Tth tommunuattons, Int ,) 


r>00-c synchronizing pulse is tiansmitted, releasing the clutch through 
electromagnetic action. Tlic beginning of the recording cycle then 
coincides precisely with the beginning of the scanning cycle. During the 
stop interwil in the recorder cycle any disciepaney in synchronism may 
be corrected. Such discrepancies therofoie appear in the recorder simply 
as a variation in the stop interval instead of as a variation in stylus 
progress across the copy with resultant distortion. 

The electrh circuit of a mdio facsimile recorder is shown in Fig. 322. 
It will be seen that the electronic portion of the circuit consists of a 
conventional full-wave rectifier utilizing a 6A6 or 25Z6 tube. The rectifier 
transformer is coupled directly to the a-f output circuit of a conventional 
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receiver. A step-up transformer is customarily utilized to raise the a-f 
a-c signal voltage to the potential necessary for effective marking. 

During the recording, or left to-right, movement of the recording arm, 
a d-c marking voltage is applied to the stylus from the 6A0 rectifier 
through the cam-switch contacts. Shortly before the recording arm 
reaches the start position on the return stroke of the cycle, the cam 
switch transfers the rectifier output to the synchronizing electromagnet. 
Simultaneously, another section of tliis cam switch connects a by-pass 



Fji, 321i. Cm mt dintmim of two column jororrlei (< ottrhsy of Fwth Trfrcommum- 
cahot is, h if ) 


condenser C\ across half of the transfoivnei secondary, in this position, 
the cam operations arc momentarily halted b\ ilie action of the clutcli 
stop lever. When the ,100-c synchronizing pulse is received and rectified, 
it passes through the electromagnet winding, attracting the armature 
and releasing the clutch. The subsequent cam rotation connects all 
switch circuits hack to normal, or recording, position. 

The condenser (\ is connected a cross half the transformer secondary 
during the stop interval to discriminate against signals higher in frequency 
than the 500-c synchronizing pulse. In addition to discriminating against 
extraneous noise voltages, which might conceivably cause false operation 
of the synchronizing electromagnet, this capacitor by-passes the 2,000-c 
facsimile carrier, preventing it from releasing the stop lever. For proper 
operation, a receiver having an a-f power output of at least 3 w is required. 
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The factors of brightness, contrast, and so on, in the received facsimile 
copy are dependent to a great extent upon the type and quality of the 
recording paper utilized. In the system under discussion, a dry carbon- 
impregnated stock is used on which a near-white or orange-colored coating 
of electrosensitive material has been applied. The paper is customarily 
supplied in rolls of 100 ft or more for the small-widtli type of machine. 
Because the width is equivalent to the width of two standard newspaper 
columns, the unit is usually called a two-column recorder. 



Flu. 323 ( ommomal model Jut hi mile rotoidn utilizing three styluses (Cowtisy of 

Fini/i Tt iLcumnmnmihotUi, Im ) 


Facsimile equipment is at pies out a\aiiable in widths from two to five 
columns. As the art progresses, the limitations of width, transmitting 
speed, and so on, will undoubtedly l>e greatly extended. With a five- 
column unit, it is possible to print live-column copy at the rate of 22 sq in. 
per minute, or 10 ft per hour. This is the equivalent of eight tabloid 
newspaper pages per hour. The possibilities of radio facsimile as a medium 
for the transmission of printed or written intelligence are at once 
apparent. Thus, a facsimile unit that scans at the rate of H sq in. per 
minute, 100 lines per inch, is capable of transmitting single-spaced type¬ 
written copy of standard telegraph blank size at a speed equivalent to 
150 words per minute. By utilizing smaller-size type and greater-width 
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facsimile machines, much higher speeds are jwssible. As the type size is 
decreased, however, the possibility of mutilations caused by fading, by 
extraneous noise voltage due to atmospherics, and so on, becomes greater. 
Nevertheless, the permissible margin of error of this kind is much greater 
than that experienced in conventional telegraph transmission, either hand 
sending or high-speed automatic sending. Thus, a crash of static could 
easily totally obliterate several letters or perhaps an entire word of high¬ 
speed automatic-telegraph transmission. A static crash of similar duration 
would be evidenced in a facsimile recording as a lateral streak in the 
copy. The copy would still be legible 
A number of schemes have been proposed for the adaptation of facsimile 
transmission to radiotelegraph circuits. One plan would jiermit the 



Flu 324. Fninplotii l.usirnilo duplov unit showing power supply at loft mid mupliliei 
at extrema right, ((’vutliny of tinih Tthivmniunnations, Inc ) 

transmission of a given area of copy a standard telegram blank, for 
example—for a flat rate, regardless of how much was written upon it. 
The telegram would then be delneied in the sendei's handwriting and 
could even include a sketch. The system could also be used for the 
transmission of technical drawings, such as blueprints. Because of legal 
and economic difficulties, however, no commercial radio facsimile service 
of this kind lias as yet been developed 

An interesting application of radio facsimile is its use by radio broad 
casting statious for the dissemination of news bulletins and current news 
photographs. A number of stations throughout the country now provide 
this service, which consists of the transmission of a radio newspaper that 
is literally printed in the subscrilier's home. Relatively inexpensive 
facsimile recorders that may readily be connected to the average medium- 
power home radio are available to the public. After the close of the 
normal broadcast day, a complete news bulletin is transmitted by fac¬ 
simile from the local broadcast station, usually from midnight to 6 a.m. 
Before retiring, tlie subscriber sets his radio with the recorder switched 
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T^Tlwple of a photograph radio- transmitted by means of fao«Wie. 
(Courtesy of Finch Telecommunications, Inc.) 


35^(N.Y.) 
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in. The next morning, a complete printed and illustrated news bulletin 
awaits him. Electric timing switches are also available which turn the 
equipment on and off at specified times. 

For portable communications applications, duplex radio facsimile 
units have been developed. Such units incorporate the functions of 
scanner and recorder in a single unit and can be employed with a con¬ 
ventional radiotelephone transmitter and receiver. A typical duplex 
facsimile unit is shown in Fig. 324. 

QUESTIONS AND PROBLEMS * 

1. What ib the basic difference between television and facsimile ? 

2. Define aspect ratio. 

8. Explain the principle of operation of the iconoscope 

4 . It is desired to transmit a television image of 400 lines with an aspect 
ratio of 4 to 3. Thirty frames per second will be scanned What is the required 
frequency band width 9 

5. Explain how scanning bile pukes and image-frame pulses are distin¬ 
guished from each other in television synchronization systems. 

6. Why has a frame frequency of 30 c been standardized for television 
stations in the United States 7 

7. What is the advantage of interlaced scanning 9 

8. How is light intensity converted into elcctncal energy in a facsimile 
scanning system 7 

9. Draw a simple diagram of a facsimile scanner circuit. 

10. How is synchronism accomplished between the scauner and the recorder 
in a facsimile system? 

* These questions and problems am taken from the 11 K (' 0 Study Guide for Commercial 
Radio Operator Examinations ” 
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\AMMr 


Fixed Resistor 


—yyw 


Variable Resistor 


_ \~ 

Wires Connected 



Wires Crossed but Not Connected 



Headphones 


O © 

Ammeter Milhamineler 

— nswiT' — 

Fixed Air-core Inductor 
(R-F Choke) 



Air-core Trans former, Fixed Coupling 
(R-F or I-F Transformer) 


=4 

Loudspeaker 

0 © 

Voltmeter Galvanometer 



Variable Air-coro inductor 



Air-core Transformer, Vamble 
Coupling 
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Taklp I (conUl ) 


-iQQOQOQ^- 


Iron core Inductor (A F or 
Idter Choke) 




fixed Capacitoi 



7 1 


\ anttblo Capacitor 



Tetrode (Screen gnd Tube) 


Pentode (Suppressoi gnd lulw) 
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Table I (confci.) 


fill 



Penbagrid Converter (Used in Super- 
heterodyne Mixer Circuits) 



Duo-diode Jligh-mu Triode (Combination 
Diode Detector and First Audio-amplifier 
Tube) 
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Table IU. 

Trigonometric Functions for Every Degree from 0 to 90' 
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10.0811 

1.0014 

16.1073 

87® 

4° 

.0893 

.9970 

.0000 

14.8007 

1.0024 

14.3356 

86® 

6° 

.0872 

.0062 

.0875 

11.4301 

1.0038 

11.478? 

85® 

6“ 


.0045 

.1051 

9.5144 

1.0055 

9.5668 

84® 

7° 

.1219 

.0025 

.1228 

8.1443 

1.0075 

8.2055 

83® 

B B 

.1392 

.0903 

.1405 

7.1154 

1.0008 

7.1853 

82* 

9® 

.1564 

.9877 

.1584 

6.3138 

1.0125 

6.3025 

81* 

10® 

.1736 

.0348 

.1763 

5.6713 

1.0154 

5.7588 

80® 

11° 


.9816 

.1944 

5.1440 

1.0187 

5.2408 

70“ 

12® 


.9781 

.2120 

4.7046 

1.0223 

4.8007 

7B“ 

IS® 

.2250 

.0744 

.2300 

4 3315 

1.0203 

4.4454 

77® 

14“ 

.2410 

.0703 

.2403 

4.0108 

1.0306 

4.1336 

76® 

IB® 

.2B8S 

.0659 

.2679 

3.7321 

1.0353 

3.8637 

75* 

18“ 


.0613 

.2867 

3.3874 

1.6408 

3.6280 

74® 

17“ 

.2921 

0583 

.3057 


1.0457 

3.4203 

73® 

lli* 

.3000 

.0511 

.3249 

3 0777 

1.0515 

3.2361 

72° 

19" 

.3256 

.0455 

.3443 

2.0042 

1 0576 

3.0716 

71® 

20" 

.3420 

.0307 

.3640 

2.7475 

1.0642 

2.0233 

70“ 

21 9 

.3584 

.9336 

.3830 

2 0051 

1.0711 

2.7004 

60® 

22° 

.3746 

0272 

.4040 

2.4751 

1.0785 

2.0095 

08“ 

23° 

.3907 

.0205 

.4245 

2.3551) 

1.0864 

2.5503 

07® 

24® 

.4067 

, .0135 , 

.4452 

2.2460 

1.0940 

2.4586 

68* 

26® 

.1226 

1 .9063 

.1603 

2.1445 

1.1034 

1 2.3662 

65“ 

26 n 

.4384 

.8988 , 

.4877 

mu 

1.1126 

1 2.2812 

64® 

27® 

.4540 

8910 1 

.5005 

1.0626 

1.1223 

j 2.2027 

63* 

28“ 

.4605 

i .8820 

.5317 


1.1326 

1 2.1801 

02“ 

29® 

.4848 

( .8740 

.5543 

1.8040 

1.1434 

1 2.0627 

i 

61® 

30® 

.5000 

S .8060 

! .6774 

1.7321 

1.1547 

2.0000 

60* 

31“ 

5150 

1 .8572 

.0009 


1 1.1608 

j 1.0416 

69® 

32° 

.5209 

1 .B4S0 j 

! .6240 

1.6003 

| 1.1702 

1.8871 

58“ 

S3® 

.5446 

1 .S3S7 1 

.6494 

1.5300 

, 1.1024 

1 1.8361 

67* 

34 

15592 

.8200 | 

| .11745 

1.4826 

i 1.2062 

1.7883 

56“ 

15 » 

.5736 

1 i 

1 .8102 


1.4281 

' 1.2208 

i 1.7434 

65° 


5878 


.7265 

1.3764 

! 1.2361 

1.7013 

64° 

87® 

^■rrrrn^K 

.7980 

.7536 

1.8270 

1 1.2521 

1 1.6016 

03* 

38® 

.0157 

.7880 

7813 

1.2700 

i 1.2600 

1.6243 

52° 

30® 

.6293 

.7771 

*8008 

1.2349 

| 1,2868 

1.5800 

51“ 

40° 

.6428 


.8301 

1.1018 

, 1.3054 

1.5557 

50“ 

41° 

.0501 

.7617 

.8693 

1.1504 

1.3250 

1.5243 

49“ 

42® 


7431 


1.1106 

1 1.3450 

1.4045 

48* 

43® 

.6820 

.7314 

.9325 

1.0724 

I 1.3673 

1.4663 

47° 

44® 

.8947 

.7103 

.0057 

1.0355 

1.3902 

1.4806 

46° , 

45® 

.7071 

.7071 


1.0000 

' 1.4142 

1.4142 

45* 

Angle 

008 

Ain 

rot 

ban 

| 680 

1 sec 

Angle 


_ 





- 
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RADIO TECHNOLOGY 


Tabut TV Decibels Volt ago and Power 


Voltage 1 

Power 

- DB 1 

\ oltagi 

Power | 

Voltage 

Poair | 

1)11 H | 

V oltagi 

Poau 

ratio I 

1 ratio 

| ratio 1 

ratio 

ratio | 

ratio 

ratio 

| ratio 

1 0000 I 

1 0000 

0 

i 000 

J 000 

5621 

1102 | 

6 0 | 

l 778 

3 162 

9880 

9772 

1 U1 

1 012 

J 022 | 

5559 

1090 1 

5 1 

1 799 

1236 

9772 

9550 

] 02 

1 023 

1 047 

5495 

1020 

5 2 1 

J 820 

1 1311 

9001 

933) 

0 3 

1 U35 

1 072 

5411 . 

2051 

53 

1 641 

3 886 

mm 

9120 

0 4 

l 047 

1 096 

5170 

2684 

) 4 

1 602 

. 3 407 

9441 

8912 

1 0 5 

l 059 

1 122 

510*1 

261S 

>5 i 

1 684 

1 3 54H 

9821 

S71U 

, 06 

1 072 

1 148 

>246 

27)4 

5 6 

1 90* 

1 631 

9220 

H511 

1 07 

1 084 

1 175 

ilhS 

2692 

5 7 1 

1 92S 

3 715 

9120 

B31S 

1 0 b 

1096 

1 202 

i 512 ) . 

2610 

) 8 

1 950 

| 8 602 

9010 

8125 

09 

1 109 

1 210 

1 5070 

] j 

2570 

j9 . 

1 972 

1 3 890 

HB1) 

7941 

1 0 

1 122 

1 2 >9 

>012 

2512 

6 0 

l 995 1 

1 8 981 

HH10 

7762 

J 1 

1 J 15 

1 266 

495 > 

24 >> 

01 

2 016 

1 4 0*4 

B710 

7 >86 

1 2 

1 J 4s 

1 318 

48*16 

21)1 

62 1 

2 042 

1 4161) 

8610 

741 1 

1 2 

1 161 

1 149 

4642 

2144 

6 1 

2 065 

4 266 

mi 

7244 

1 4 

1 17 > 

1 JS0 

1766 

2291 

6 1 

2 069 

1 4 16 > 

8414 

7079 

1 > 

J 169 

J 41 1 

4732 

2219 

0 5 

2 111 

1 4 467 

8318 

691h 

1 6 

1 202 

1 145 

46"7 

218S 

1 6 

2 118 

4 >71 

8222 

0761 

1 " 

1 210 

1 47'1 

4124 

21 IS 

6" 

2 161 

4 677 

812S 

6607 

l s 

l 230 

J 511 

4571 

20S9 

6 s 

2 168 

4 780 

8015 

64 >7 

1 1 

1 24 i 

1 549 

151 i 

2012 

0 1 

2 211 

4 80S 

| 

7*141 

6110 

2 0 

1 2)9 

1 58 i 

4417 

1 19) 

7 0 

221) 

5 012 

7852 

0166 

2 1 

1 2‘ , 1 

1 622 

1416 

1950 

7 1 

2 205 

1 5 129 

7702 

6026 

22 

l 28 s 

1 660 

416 > 

1 90 > 

72 

2 291 

! >248 

7674 

5HSS 

2 1 

1 103 

1 606 

4115 1 

1862 

7 1 

2 117 

5 170 

7586 

>7 >4 

24 

J lls 

J 7 is 

1206 1 

1620 

7 4 

2 344 1 

1 5 4*15 

7499 

5021 

2 > 

1 114 

1 77s 

4217 

177s 

7 > 

2 171 

5 621 

7411 

5495 

2 6 

1 141 

1 S20 

4161 

1" 18 

7 6 

2 19) 1 

1 5 754 

732S 

5)70 

27 

1 It > 

1 n62 

4121 

160S 

77 i 

2 427 

> SMS 

7244 

5246 

2 8 

1 1S() 

1 901 

4ir4 

1660 

7s 1 

2 4)5 

, 6 026 

7161 

5129 

29 

1 196 

1 9 >0 

4027 

1622 

" 9 

2 481 | 

| 6106 

7079 

5012 

10 

1 41 

1 99 > 

39s 1 

1 )S> 

6 0 

2 512 

6 110 

0119s 

45 Oh 

1 1 

1 421 

2 042 

1936 

1 >1) 

S 1 

2 541 

6 457 

0918 

4766 

I- 

1 44 > 

2 OS'l 

1690 

1 >14 

S 2 

2 57(1 

1 0 607 

0819 

1077 


1 41 2 

2 lls 

1616 

117) 

1 

2 OOO 

1 761 

6761 

4571 

1 * 4 

1 17 1 

» 186 

1s02 , 

144 > 

64 

2 610 

6 918 

60S! 

4467 

1 > 

1 4 )(> 

- 219 

37 >6 1 

1411 

6 5 

2 661 

1 7 079 

0007 

4)6 > 

16 

1 >14 

2 291 

171 > 

1 ISO 

S 6 

2 61)2 

7 244 

0>il 1 

1 4266 

1 7 

1 511 

2 144 

16 " 1 | 

1 149 | 

H 7 . 

2 723 

7 413 

04 >7 1 

1 4169 

1 s 

1 549 

2 199 

1611 1 

ms | 

s s 

2 754 

7 580 

028) 

4074 

1 l 

1 567 

2 45> 

158J 

1286 

89 1 

2 786 

7 702 

6310 

1961 

4 0 

1 |6» 

2 >12 

1 >48 

12)9 

9 0 

2 816 

7 943 

6227 

1890 

4 1 

1 601 

2 >70 

JjOS | 

1230 

9 1 

2S>1 

8 126 

6166 , 

, 3802 

42 

1 622 

2 630 

146" 1 

1202 

9 2 

2 H«4 

1 S 1J8 

6095 

171 > 

4 1 

1 641 

2 <>02 

>428 

1170 

9 1 

2 917 

1 8 511 

0026 1 

1 1011 

4 4 

1 660 

2 754 

1368 

1146 

9 4 

2 051 

1 H 710 

5957 | 

| 1548 

4 > 

1 679 

2 816 

31 >0 

1122 

0 > 

2 98 > 

S 91 J 

5HK8 

1 1407 

46 

1 696 

2 6S4 

i 3 111 

10)6 

90 

1020 

9 120 

5821 I 

I 1188 

47 

1 71s 

2 951 

1 3271 

1072 

97 

10)> 

1 9 331 

5754 

1311 

4 h 

1 738 

1020 

1216 

1047 

9 8 

1090 

9 550 

5089 1 

1 32*6 

4 9 

I 7)8 

1090 

1199 

1021 

9 9 

1 120 

, 9 772 
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Tablk IV (contrl.) 


» T oltag(* , 

Powei . 

ratio 1 

ratio | 

.3162 1 

.1000 1 

.Si 20 

.09772 1 

.3000 

.09550 

.3055 

.09333 } 

.3020 

.09120 i 

.2985 

.08913 

.2051 

,08710 

.2017 

.03511 

.2834 1 

.08318 

.2851 

.08128 

.2818 

.07043 , 

.2780 

.07762 1 

.2754 

.07536 

.2723 

.07413 

.2692 

07244 

.2061 

.07079 

.2030 

.06018 

.2600 

.06761 

.2570 

.00607 

.2541 

.06457 | 

.2512 

.06310 , 

.2483 

.06160 , 

.2455 

.06026 

.2427 1 

1 .05888 

.2309 1 

.05754 

.2371 

05623 

2344 1 

,0.)405 

.2317 

.05370 , 

.2201 

05248 

.2265 

.05120 

.2239 

05012 

2213 

.04808 

.2188 

.017si> 

.21113 

.04677 

.2138 

04571 

.2113 

' 04467 

.2089 

1 .04365 

.2065 

.04206 

.2042 

.04169 

.2018 

.04074 

.1995 

.03981 

.1B72 

.03890 

.1950 

.03802 

.1928 

.03715 

.1905 

.03631 

.1884 

.03548 

.1862 

.03407 

.1841 

.03388 

.1820 

.03311 

.1799 

.03236 


- IJII i 1 
_ 1. 

Voltage 

ratio 

10 0 

3.162 

10.1 

3.109 

10.2 

3.236 

10 3 

3.273 

10 4 

1.311 

10 5 

3.350 

10 6 

3.388 

10 7 

3.428 

10.8 

3.407 

10.0 

3.508 

11 0 

3.548 

11.1 

3 589 

11.2 

3.031 

LI.3 

.1.07 J 

11.4 

3 715 

11.5 

3.758 

11.6 

3 802 

11.7 , 

:i 8 mi 

11.8 ' 

3 890 

11.9 

3 936 

12 0 

3.961 

12.1 

4 027 

12.2 

1 074 

12.3 

4 121 

12.4 i 

4.160 

12 5 

4217 

12.6 

4 266 

12 7 

4.315 

12.8 

4 365 

12.9 

4 41n 

I3JI 

4.467 

13.1 

4 519 

13.2 

4 571 

13 3 

4 624 

13.4 

4.677 

13.5 

4 7.12 

1.1.6 

4 7^6 

13.7 , 

4 8*2 

13 s 

4.8*18 

13.9 ( 

4 955 

14.0 

5.012 

14.1 

6.070 

14.2 

5.120 

14.3 

3 188 

14.1 | 

5.248 

14.5 | 

5.300 

14.6 

5.370 

14.7 

5 433 

14.8 

1 5 495 

J 4.0 

5.550 


Power 

, \ ultuge 

ratio 

iottes 

10.00 

1 1778 

11) 23 

.1758 

10.47 

.173'' 

10.72 

.1718 

10 96 

.1608 

11.22 

.1679 

11.48 

.1660 

1) 75 

1641 

12.02 

1622 

12.30 

.MUM 

12.59 

.1385 

12 88 

.1507 

13 18 

.1549 

13.49 

.1511 

1.1 so 

< .1514 

U 13 

1406 

14 45 

1470 

14 79 

.1462 

15.14 

.1415 

15 49 

.1420 

15.8.’ 

.1413 

10.22 

.1306 

16 00 

.1380 

16 98 

.1.165 

17.38 

.1349 

17.78 

. 1334 

18.20 

. .1318 

18 62 

1 .130.1 

10 05 

.1288 

10 r .O 

1274 

19.95 

1259 

20 42 

.1245 

20.«n 

1230 

21.38 

.1216 

21 8* 

1202 

22 10 

.1189 

22.91 

1175 

23 44 

1161 

23.90 

!l - ll4s 

24.55 

II 

25.12 

.1122 

25.70 

.1109 

26 30 

.1006 

26.92 

.1084 

27.54 

1 .1072 

28.18 

.1059 

28.84 

.1047 

29.31 

. 11)35 

30 20 

.102.1 

30 00 

,1012 

.1000 


Vuaei 

ratio 

1)11 -( 

.03162 

15 0 

.03090 

15 1 

.03020 

15.2 

0205! 

15.3 

.02SM 

15.1 

.0281*' 

15.5 

.02754 

15.6 

.02092 

16.7 

.02630 

lt» 8 

.02570 

15.0 

.02512 i 

16.0 

,02 405 

16 1 

02399 

16.2 

.02344 

16 3 

.02291 

16.4 

.022.19 

16.5 

.0218i 

16 6 

.02138 

16 7 

02080 

16 8 

.02042 

16 *» 

019*15 

17 0 

01950 

17 1 

,01005 

17.2 

01862 

17.3 

01820 

17 4 

.01778 

17.5 

.01738 

17.6 

.01698 l 

17 7 

.01660 , 

17 8 

01622 1 

J7 9 

01585 

18.0 

.0154*) 

18.1 

01514 1 

182 

.01479 | 

18.3 

01445 

18.4 

014J.1 

18.5 

01380 

18.6 

.01.140 

16.7 

.01318 

18.8 

.01288 

18.9 

.01259 | 

19.0 

01230 1 

19 1 

.01202 

19.2 

.01175 1 

19 3 

01148 | 

19.4 

01122 1 

19.5 

01096 1 

19.6 

.01072 ! 

19.7 

.01047 

19.8 

.01023 

19.9 

.01000 

20.0 


Voltage Power 
■ latlo | ratio 


5.623 

31.62 

5.689 , 

32.36 

5.764 l 

93.11 

5 821 1 

33.68 

5.888 I 

34.07 

5.957 

35.48 

6 026 

36 31 

6.095 , 

37. J 5 

6.166 

36.02 

0.237 1 

38.90 

6.310 1 

39.81 

6.363 i 

40.74 

6.457 

41.69 

6.531 , 

42.(16 

6.607 

43.65 

6.663 1 

44.07 

6.761 

45.71 

6.639 

46.77 

6.918 | 

47.86 

6 998 i 

48.06 

7 079 ' 

50.12 

7 161 

51.29 

7 24 4 

52 48 

7 328 1 

53.70 

7 413 

54.95 

7 499 

56 23 

7 586 . 

67.54 

7.674 

58.86 

7.762 

00 26 

7.852 1 

G1.00 

7.943 1 

03.10 

8.035 

64.57 

8.128 

66.07 

8,222 

07.61 

8.318 

69.16 

8.414 

70.70 

8 611 

72.44 

8.010 

1 74.13 

6 710 1 

75 86 

6.811 

77.62 

•>913 

79.41: 

9.016 

81.2* 

9.120 

63.lt 

0.226 

85.11 

9.333 

87.11 

0 441 

89,1 i 

9 550 

01.21 

9.661 

93.3! 

9.772 

95.51 

0.880 

97.7: 

10.000 

. JOO.O 
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RADIO TECHNOLOGY 


Table V Frequency Tolerances 
&hip Statio vs 

(Not applicable to lifeboat emergency transmitters) 

The licensee of each ship station is required by the Federal Communications Commission 
to maintain the operating frequency within a tolerance of plus or minus the assigned 
frequency as specified below 


Frequency Banda (Inclusive) 

Per Cent 

and Specified in he Frequencies 

Tolerance 

From 110 to 160 kc 

03 

355 ko 

01 

From 365 to 515 kt 

03 

From 1,500 to 3,500 kt 

04 

From 4,000 to 4,115 kt 

0 02 

From 4,115 to 4,165 kc 

0 05 

From 4,165 to 5,500 kt 

0 02 

From 5,500 to 5,550 kc 

0 05 

from 5,550 to 5,640kc 

0 02 

From 6,200 to 6,250 ko 

0 05 

From 8,230 to 8 330 kc 

0 05 

From 11,000 to 11,100 kc 

0 05 

From 12,340 to 12,500 kc (except 12 440 and 12 460 kc) 

0 05 

12,440 and 12,460 kt 

0 02 

from 16,400 to 16,700 ki (t vcopt 16 510 16 575, 16 500, 
16,600, 16,605, and 16 640 kt) 

0 05 

16,530 and 16,590 

0 025 

16,575 kc 

0 02 

16,600, 16,605, and 16 640 kt 

0 05 

From 22,000 to 22,200 kt 

0 05 

from 6,000 to lOOOOki when using frequencies other 
than chose specified above 

0 02 

from 30,000 to 40,000 kc 

1 or frequency modulation 

0 01 

For oil other types oi modulation mid for A1 tmission 
when using 

hrequennes other than 35 %0 and 37,660 kt 

0 03 

35,860 and 37,660 kc 

004 

From 100,000 to 200 000 kc 

Foi frequent 3 modulation 

0 01 

For all other type 1 ) of modulation and foi A1 emission 

0 05 

Lifeboat Emergency Transmit! 

Fioin 365 to 515 kc 

05 


blANDABD BROADCAST SlAJlONS 

The licensee of each standard broadcast station is requued hy the Federal Commumca 
tions Commission to maintain the operating frequency within a tolerance of plus or minus 
the assigned frequency as specified m the following 

The operating frequency without modulation of each broadcast station shall be main¬ 
tained within 2,000 c of the assigned center frequency 



VI. Loss Constanta for Attenuation Pads 
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Tabu VII International Q Signal Code 
Abbreviations to be used in ladio communications 


Abbrevi 

ation 

Question 

_ 

Statement or Answer 

QUA 

Whiit ih th( name of your station ? 

_ 

1 he name of my station is 

QRB 

At what approximate distance are 
you fiom my station f 

I ho approximate distance between 
our stations is nautical miles 

(or kilometeis) 

QRC 

Hy what pnvato operating e nteipi ise 
(or govenunent administration) an 
the accounts loi charges of yoiu 
station settled 

fk* accounts foi charges of my 
station are settled by the 
pmatL operating entoipnso (ut by 
the government administration of 
) 

QRD 

Whexo aro you going and when do 
> oil c onie from 

1 tun going to and I eome 

iiom 

QRGr 

Will von tell me what my <xart tre 
C|iun(\ (wain length) is m kilocycles 
(oi mete is) 

\ oiu exact frequency (wave length) 
js kiloe yclos foi meters) 

QKH 

Doom my fncpiemy (nine length) 
vary f 

^ oui fiPijneiuy (wavelength) vanes 

QK1 

Is the tone ol my timisnussion 
tegular * 

The tone of vmir transmission vanes 

QRJ 

1 

[ Are you mailing me badly An 
my signals weak f 

1 eannot nvt ive you \ our siguals 
are loo weak 

QRK 

1 

| What is the legibility ol my sign ds 
(1 to *5) 

1 

1 he legibility of youi signals is 
(l to j) 

QRL 

i 

4ie» you busy * 

1 im busy (orlambusv with ) 

I J le use do not mtc ifeit 

QRM j 

1 Are vou being interfered with * 

I am being interfered with | 

QRN 

\re you tioubled by statu 

I am troubled by statu | 

QRO 

Must I mertase the power ? 

Lnc rcase the power 

QRP | 

| Must 1 doe lease the powei * 

Dei reuse the power 

QRQ 

Must 1 transmit faster 9 

Transmit faster ( u ords per 

minute) 

QRS 

Must T transmit more slowly * 

Transmit more slowlv ( words 

per minute) | 

QRT 

1 j 

| Must I atop transmission 9 1 

1 Stop transmission 



539 


I Abbrevi 
ation 

QRU 

QRV 

QRW 

QRA 

1 QRY 

i 

I QK7 
I QSA 

y l 'i! 

I QM> 

I 

I QSl 

qsi 

QSK 

QSL 
^ QSM 

gso 

QSP 
I QS» 

| QbU 


APPENDIX 

Tael? VII {tmtd) 


Question 


Ha\ o y ou anything loi me t 1 

\io you it odj ' | 

Muni I ad\ lse that you aie e all • 
ing him on k (oi m) } 

Must I wuit > W lun will you (all 
me again # 


A\huh is my turn t 


B\ whom am 1 being i illnel / 

Whit m thr strength of ni\ signals 
(I to i) * 

I hirst hi stu rigtlini m\ signals \ ui\ 

Is jiiv kovuig count * \n mv sig 
iials chshiu t 

Must I tiunsiiut ti Iolti uns (or 

one trie gi un) at a turn 

What is ilu ch ngo to be (dilutee! 
pei word to including voui 

intrinil te It ^rtipli e hinge * 

Musi I eontiiuu the ti uisiuission ol 
ill in* tr iflie t 1 r in hoar vou 
lutwe e u iny signals 

Can vou irknowie dge un ipt * 

Must Irejioat tlio Inst telegium wlurli 
1 transinittf el to you * 

Can \ou eommume iti with 
clirutl> (or tlunugh )' 

Will youzclav to Irro of ehargn * 

Has the distress call in lived from 
lieen attended to * 

Must I ti an unit (or answei) on 
kc (or m) and/oi on w aves of type A1, 
A2. A3, oi B * 


Statement or Answer 


I ha\ o nothing for you 
l am ready 

Please advise that T am railing 
him ou k (oi m) 

Wait (oi wait until I have finished 
e ummuiueating with . ) I shall 

( ill you again at o’clock (or 
immediately) 

\ our turn ih ninnhei (or accor | 
ding to any othei mrlication) 

'l ou are being railed by 

The strength ol your signals is 
(1 to r t) 

I lu strength ol youi signals vanes 

Your keying is inrorrert Your I 
signals ate lnui 

Ti imunit tclegiains (or ono 
te lugriiin) at a time 

I he c Jiai gc to 1 m i olle e ted ]K>r word 
to is iilines me haling m\ 

i tit it n al tcJrgTHpb eharge 

( out iniit tlu tTansmission of all your 
liailii I shall intmupt you if 
nrressaiv 

1 um u know lodging receipt I 

Kept it thi last tolegrom wluoh you 
ti uiHmitlod to me | 

I can ronunuiucate with di 

urtly (oi through ) 

1 will zelay to fine oi rhaige 

I he distress rail receive el from 
has been attended to by 

1 ranamit (or answei ) on kc (oi 
m) and/or on wave* oi type Al,| 
42, A3, or B t 
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Table VII (contd ) 


Abbrevi- 
■; atiab 

Question 

Statement or Answer 

QSV 

Must I transmit a series of F’s ? 

Transmit a series of F*s. 

QSW 

Do you wish to transmit on . . . kc 
(or . . . m) and/or on waves of type 
Al, A2 r A3, or B ? 

I am going to transmit (or I shall 
transmit) on . . . kc (or m) and/or 
on waves of type Al, A2, A3, or B. 

QSX 

Will you listen to . . . (call signal) 
on . . . kc (or . . . m) ? 

I am listening to . . . (call signal) 
on . . . kc (or . . . m). 

QSY 

Must I shift to transmission on . . . 
kc (or . . . m) without changing the 
type of wave 7 

or 

Must I shift to transmission on an¬ 
other wave 7 

Shift to transmission on . . . kc (or 
. . . m) without changing the type 
of wave. 

or 

Shift to transmission on another 
Wave. 

QSZ 

Must I transmit each word or group 
twice ? 

Transmit eaoh wo?d or group twice. 

QTA 

Must I cancel telegram No. . . .as 
if it had not been transmitted ? 

Cancel telegram No. ... as if it 
had not been transmitted. 

QTB 

Do you agree with my word count ? 

I do not agree with your word count-; 

I shall repeat the first letter of each 
word and the first figure of each 
number. 

QTC 

How many telegrams have you to 
transmit T 

I have . . . telegrams for you (or 
for . . .). 

QTE 

What is my true bearing in relation 
to you ? 

or 

What is my true bearing in relation 
to . . . (call signal) ? 

or 

What is the true bearing of . . . 
(call signal) in relation to . . . (call 
signal) ? 

Your true bearing in relation to me 
is . . . degrees. 

or 

Your true bearing in relation to . . . 
(call signal) is . . . degrees at . . . 
(time). 

or 

The true bearing of . . . (call signal) 
in relation to . . . (call Bignal) is 
. . . degrees at . . . (time). 

QTF 

Will you give me the position of my 
station on the basis of bearings taken 
by the radio direction finding stations 
which you control ? 

The position of your station on the 
basis of bearings taken by the radio 
direction-finding stations which I 
control is . . . latitude and . . . 
longitude. 

QTG 

Will you transmit your coll signal 
during 50 sec ending with a 10-sec 
dash on ... k (or ... m) so that 

I may take your radio direction¬ 
finder bearings 7 

I will transmit my call signal during 
50 sec ending with a 10-sec dash on 
... kc (or ... m) so that you may 
take my radio direction-finder bear¬ 
ings. 
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Abbrevi¬ 

ation 

Question 

Statement or Answer 

QTH 

What is your flotation in latitude and 
in longitude (or according to any 
other indication) ? 

My position is . . . latitude, . « . 
longitude (or according to any other 
indication). 

QT1 

What is your true course ? 

My true course is . . . degrees. 

QTJ 

What is your speed ? 

My speed is . . . knots (or km) per 
houT. 

QTM 

Transmit radio signals and submarine 
sound signals to enable me to deter¬ 
mine my bearing and my distance. 

I am transmitting radio signals and 
submarine sound signals to enable 
you to determine your bearing and 
your distance. 

QTO 

Rave you left dock (or port) ? 

1 have loft dock (or port). 

QTP 

Are you going to ent or clock (or port) ? 

1 am going to enter dock (or port). 

QTQ 

Can you rummunicato with iny 
station by the international node of 
signals? 

I am going to communicate with 
your station by the international 
code of signals. 

QTR 

What is the exact time ? 

The exact time is . . . 

QTV 

What are the hours during which 
your station is open ? 

My station is open from ... to 

QUA 

i I 

1 Have you any nowH from . . . (call 
signal of the mobile .station) ? 1 

This is the news from . . . (coll 
signal of tho mobile Rtalion). 

1 QUIi 

1 

('an you give mo, in the following 
order, information concerning: visi¬ 
bility, height of clouds, ground wind 
at . . . (place of observation) ? 

This is the information requested: 

i . . . . 

1 

i 

QUC 

AVliat is the lost message received 
from . . . (call signal of the mobile 
station) ? 

1 1 

The lost message I received from 
. . . (coU signal of the mobile station) 
is ... . 

QUD 

i 

Have you received the urgent signal 
transmitted by . . . (call signal of 
the mobile station) ? 

! X have received the urgent signal 
transmitted by . . . (call signal of , 
1 the mobile station) at . . . (time). 

| 

QVY 

Have you received the distress signal | 
sent by . . . (call signal of the 
mobile station) ? 

1 have received the distress signal 
sent by . . . (call signal of the 
mobile station) at . . . (time). 

QUO 

Will you be forced to come down on 
water (or on land) t 

I am forced to come down on water 
(or on land) at . . . (place). 

QUH 

Will you give me the present baro¬ 
metric pressure at sea level ? 

The present barometric pressure at 
sea level is . . . (units). 

' _ 

_ , _____- _ 

_____ 
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Table VII (contd.) 


Abbrevi¬ 

ation 

Question 

■ ■ ...... i 

Statement or Answer 

QUJ 

' 

Will you please indicate the proper 
coarse to steer towards you with no 
wind? 

The proper course to steer towards 
me with no wind is . . . degrees 
at . . . (time). 

QUK 

Gan you tell me the condition of the 
sea observed at . . . (place or co¬ 
ordinates) ? 

The sea at . . . (place or coordin¬ 
ates) is ... . 

QUL 

Gan you tell me the surge observed 
at (place or coordinates) ? 

The surge at . . . (place or co¬ 
ordinates) is ... . 

QUM 

1 

1 Is the distress traffic ended ? 

1 ■ , 

! The distress traffic is ended. 1 

| | 
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A battery, 205 
Abscissa, definition of, 40 
Absolute altimeter, 460 
Absorption, capacitor dieItrtrie, 158 
Absorption circuit, key lilter, 344-.‘14.5 
A-c circuits. Ohm's law m, 172 173 
A-e component, plate curient, 210 
Adcock antenna, 444 
Addition, algoliraic, rules for, 18 
A-f umplifici, classifications of, 282 
Air-cooled powor tubes, 330 
Aircraft antenna, 410 
Alternating current, average value of. 102 
cycle or, 00, 07 
definition of, 00 
effective viilue of, 103 
frequency of, 00. 08 
gruplnnd representation of, 00 
hciiting effects of, 102 
phase angle of, 101 
production of. OH 
quantitative values ol, 101 
mot menu square value of, 103 
sine of, projection of. Off 100 
three-phase, 318 
wavelength of, OS 
Altematmg euirent sine cuive. 101 
Alternation, definition of, 07 
.Vllomator, nidiu tor-tvpe, 110 
inuLtijicdur, 118 
rev ulving-nrinatuiv, 110 
revolv uig-field, 118 
Altimeter, 400 

Ammeter, n-e, dynamometer type ol, 108 
movable iron lypo of, 1 OS 
roctifier-fype of, 100 
d-e. 83 

sensitivity of, 84 
shouts for, 84 
hot-wire, 111 
thermocouple, 111 112 
Ampere, definition of, 12 
Ampere-hour, definition of, 02 
Ampere-hour meter, operation of, 08 
Amplification, theory of, 200 20K 
Amplification factor, 200 
Amplifier, bias methods lor, 270 281 
broadcast studio, 487 
buffer, 327 
class A, 210 


Amplifier, c lass AB, 222 
class B, 210 220 
circuit calculations for, 333 
class B(\ 223 
lass (\ 221 

frequency doubler, 330 
radiotelegraph, 320-330 
cutoff point in, 220 
Doherty high-efficiency, 358 
driver, 200 

f m receiver limiter, 311 
frequency response curves for, 277 
unpedancc-coupled, 280 
intermediate frequency, 202 
inverse feedback, 300, 301 
neutralization in triode, 278 
oscillation in, 277 
jwmtode r-f amplifier, 270 
power, 221 

conditions Jor maximum output of, 
220 227 

maximum uudistorted power output 
in, 227 

plate dissipation in, 224 
pre-, 487 
program, 4S9 
push-pull, 220-221 
ivsistiuicc-coupled, 300 
transformer-coupled, 208 
regeneration, 300, 301 
resist unco-roupled, 283 
si reen-gvid r-f, 278 
single tube class B i-f, 328-320 
transformer-coupled, 287 
transmitter, 327 -340 
t liner! r-f, 274 
uti tuned r-f, 274 
video, oil 
voltage, 224 

conditions for maximum output of, 
225-226 

Amplifier classification, subscript suffix to, 
223 

Amplitude distortion, 301 
;VmpJitude modulation, 200, 348 310 
Anodo, vacuum tube, 201 
Antenna, Adcock, 444 
aircraft., 410 421 
broadcast, 400 
coupling methods, 435 
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INDEX 


Antenna, diamond («r Antenna, rhombic) 
directional, 411 

diversity receiving uvstem of, 431 
doublet, 399 
dummy 472 

electrostatic shield in r oupling to, 430 
elemental y 395 
feeder sv stem foi, 432 
haimomc itduimg network coupling to, 
436 

Hint/ 499 
imago 404 
link coupling to, 430 
loop 438 

electrostutic balance in 442 
clectiobtati shield for 141 
sensitivity of 419 442 
Marconi 401 
indio range 449 
ihombic 410 417 

formula foi leg length of 119 
foiuiula fin tilt tingle of 419 
optimum lie nrht of 418 
tilt angle of US 
wave angle of 4IS 411 
sense, 442 44 1 444 4lb 
shipboard 405 

simultaue oils i Him i ingi 4 >0 
virtual (ImitmUnf 411 
voitual plane ladution pat terns foi 427 
A type, 416 
Antenna cm ly 411 
Antenna r apar ltam l 17 > 477 
Yntiniiu coupling 140 
Antemm inductance 475 477 
Antenna load mg 404 
Yntrnu b powei mcuHUie mtnt 479 
Antcnnu rcsistnnre 190 
measurement ol 471 472 474 
Antilogn 11 thm 15 
Antue sonant i u< uits 191 
An tu osculant ficqucn v definite* n of 191 
App unnt powu in i c (mints 194 
Aimatuic diuin 121 
dynamo t\l>cs of 121 
gcniiutoi ilt find mu of Ilf* 

Arm at ilk winding 121 
Armstrong 1 M 301 
Ann strong osi illutoi 241 
An iv nntunni 411 41 r 
Async hi on ous motor the 127 
AI cut quartz crystil 248 
Vtom definition of 1 

Hteuuation pad loss (oustunts table of >17 
Attenuate)! nctwoiks 490 
Attenuatoi p id 490 
application of, 194 
low* i onstants for 491 >17 


Attenuatoi, variable, 495 
Audibility threshold of, 391 
Audio frequencies, definition of, 104 
Audio harmonics, combined, 482 
Audion, the Dc b oxent, 203 
Auto alarm leceivei, 313-314 
Auto alarm signal, international 314 
Automatic traiibmittei 14b 
Automitii volume contiol 304 
amplified 105 
delated 305 
quern he d 105 
Axes quartz cry stuJ, 245 

Bock biub 281 

Back emf of induction, 117 

Hnliuii o c oil 321 

Balanced arinatun earphone 384 
Baluiu ul pads 491 492 
llfitteius v u uum tube 205 
Huttuy ehinging panel b(> 

B batter v >b 205 
Bi won airway ludio 440 447 
riniimo rmliu 440 
lie im mi way radio 448 
l>e im sv st( m in way landing 455 
\iniy 459 

Buie in of Stind mis 4 >9 
1 Hiding be am foi 4 i0 
J oitnr 4 >9 
i ltlm mark( i for 4?0 
runway loi ili/oi foi 4 >(> 

Be it fip(|U(ii<y 219 
llel 392 

Bent ionises radio r ingo 452 
Bias bu k 281 
iathodc 280 
soil 280 

Bias voltage 2L7 

lliuioipli element irystal 171 17s 
Bleeder in volt a jt divider 9- 
Rloikin,. v it mini tutx 20 f 
Bit ik in opei iti m leljy foi 145 
tiinsnuttei 145 
Biondiusl studio amplifiers 487 
Rumdsi b in l ly 411 
Biush diH haigc cup Hit or 1 >S 
Blushes motor and genet itor 132 111 
Unite force filtei 204 
Buffc i amplifier 127 
Button microphone 308 
By pass c upuntoi cathode 281 

( alibiation radio direction findei 441 
Capacitance a c i ircuit 1 >3 154 
anUnnn 475 47 >T 
d c i in uit 157 
definition of, 151 
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Capacitance, distributed antenna, 400 
pur all el, formula for, 163* 
series, formulae for, 168-164 
Capacitive circuit, phase angle in, 166 
Capacitor, applications of, 160 
cathode by-pass, 281 
rharge of, 157 
definition of, 154 
dielectric of, 157 
dry electrolytic, 162 
electrolytic, 161-163 
fixed, definition of, 150 
losses in, 158 

variable, definition of, 159 
voltage rating of filter, 267 
wet electrolytic. 162 
work done in charging, 158 
Capacitor microphone, 1170 
Carrier signal, 269 
Cathode, vacuum tube, 201 
Cathode bias. 280 
Calhodo-ray oscilloscope, 484 
Cathode saturation, vacuum tube, 208 
C battery, 205 
Colls, buttery of, 53 
dry, 55 
.Edison, 63-65 
electric, definition of, 53 
lead-acid, 57 63 

ampere-hour rapacity of, 02 
chemical action during charge and dis¬ 
charge of, 59 
construction of, 58 
discharge-voltage limit of, 62 
gassing of, 61 
local action in, 61 
maintenance of, 60-63 
normal discharge rute of, 63 
specific gravity of, 59 
nickel-iron-alkaline, 63 
primary, 54 -53 
secondary, 54, 65 
storage, 57 
Voltaic, 54 

Center-tap keying, 342 
Characteristic curves, vacuum tube, 213 
Characteristic impedance, transmission line, 
432 

formulas for, 433, 434 
Charges, relative, between atoms, 153 
Choke, swinging, 268 
Choke coil, 140 

Chopper, telegraph transmitter, 341 
Circuit breakers, 67, 135- 136 
Coaxial transmission line, 433 
Coefficient, induction noupling 142 
Collector rings, definition of, 116 
Colpitis oscillator, 242 


Commutation, definition of, 116 
process of, 121 

Commutator, definition of, 116 
operation of, 121 
Commutator ripple, 122 
Comparison oscillator, 469 
Complex wave, formula for effective value 
of, 238 

Compression, volume, 489 
Concentric transmission Line, 433 
Condenser, definition of, 154 
Condenser microphone, 370 
Conductance, definition of, 8 
mutual, 212 
umt of, 8 

Conductor, definition of, 7 
transformer primary, 145 
transformer secondary, 145 
("one of silence, 420, 448 
Cone-type loudspeaker. 386 
Connection, parallel, definition of, 57 
senes, definition of, 56 
shunt, definition of, 57 
Conservation of energy, theory of, 74 
(’onstunt, definition of h, 40 
Constant current modulation, 351 
Continuous wave, 341 

Control circuits, automatic-starting motor, 
135 

hand-starting motor, 134 
motor, 133 

Control units, mixer, 495 
('onv ortcr si age, superheterodyne, 292 
Coordinate system, 39-40 
rectangular coordinates of, 40 
Copper loss, transformer, 150 
("ore losses, transformer, 150 
Corona loss, antenna, 398 
Coulomb, definition of, 12 
Coupling, antenna, 340 
coefficient of inductive, 142 
interHtage, 339 
link, 339 

series-aiding inductive, 142 
series-opposing inductive, 142 
Coupling circuits, antenna, 435 
iconoscope, 508 

Coupling By stems, receiver output, 282 
Course bending, radio-range, 453 
Course squeezing, radio-range, 453 
‘‘Creeping/’ in Edison cells, 65 
Critical angle, ionosphere reflection, 420 
Critical frequency, 377 
Crystal, quartz, 53 
Rochelle salts, 53 
Crystal bimorph element, 373, 378 
Crystal earphone, 384 
Crystal microphone, 373 
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Crystal oscillator, 245 
Curie out, quartz crystal, 245 
Currents, a-o parallel circuit, 176 
a-e series circuit, 160 
d-o parallel circuit, 60 
d-o series circuit, 76 
leakage, voltage divider, 92 
video frequency, 511 
Current-square law, definition of, 102 
Current-square meter, definition of, 1 JO 
Curves, dynamic, definition of, 22 8 
load-line, 227-231 
static, definition of, 227 
Cutoff point, amplifier, 220 
Cutting head, crystal, 377 
electromagnetic, 377 
CW transmission, 341 
Cycle, definition of, 96, 97 

D-o component, plate current, 210 
Decibels, 391-392 
formulas for, 392 
reference level for zero, 393 
table of, 534 -530 

voltage and power ratios vs, 393, 534 
De Forest audion, 203 
Delta connection, three-phusc (-system, 316 
Delta coupling, antonna-transuiiRSion-hno, 
434 

Delta-delta connection, polyphase trans¬ 
former, 321 

Delta-star connection, polyphase trans¬ 
former, 321 322 

Delta-Y connection, polyphase transfoiinn, 
321-322 

Detection, diode, 273 
grid-bias, 270 
grid-leak, 271 
plate, 270 
systems of, 270 

Detector, frequency modulation disciuni- 
nator, 308 

regenerative, 272-273 
superheterodyne first, 292 
superheterodyne second, 292 
Detector circuits, regenerative, 238 
Diagram, schematic, 15 
wiring, 15 

Diamond antenna, 417 
leg length of, formula for, 419 
optimum height of, 418 
tilt angle of, 416 
formula for, 419 
wave angle of, 418, 431 
Diaphragm, earphone, 383 
microphone, 367 
Dielectric, capacitor, 157 
Dielectric absorption, capacitor, 158 


Dielectric hysteresis, capacitor, 15B 
Dielectric loss, antenna, 397 
Diode detection, 273 
Directional antenna, 411 
Direction finder, radio, 438 
bearing error in, 442 
calibration of, 443 
night effect m, 442, 444 
Discharge circuit, volume indicator, 486- 
467 

Discharge-voltage limit, lead-acid oeU, 62 
Discriminator, SOB 

Disk record, track-to-stylus velocity of, 381 
Dissector, image, 507 
Distortio i, amplitude, 301 
frequency, 301 
liannonic, 230 
phase, 301 

second harmonic, 230-231 
standard for limiting amount of, 290 
Distributed capacitance, antenna, 400 
Distributed inductance, antenna, 400 
Diversity loooivmg antenna system, 431 
Division, algebraic, rules for, 19 
Dog-leg courses, radio-range, 452 
Doherty high-efficiency amplifier, 358 
Double impodanue-couplod amplifier, 287 
Doubler, circuit of voltngc, 259 260 
frequency, 334 

Doublo-spot tuning, superheterodyne, 295 
Doublet antonnu, 399 
Driver stage, 299 
Drum armature, 123 
Dummy antenna, 472 
Duplex radio facsimile, 528 
Dynamic coil, loudspoakci, 388 
Dynamic cimes, definition oi, 228 
Dynamic microphone, 371 
Dynamic plate resistance, vacuum tube, 
definition of, 211 

Dynamic-type loudspeaker, 380 387 
Dynamo, 121 
compound-vound, 125 
multiwmding, 122 
self-excited, 123 
series-wound, 123 
shunt-wound, 124 
Dynaznotor, 130 -131 
Dynatron oscillator, 240 

Ear, human, characteristics of, 390 
volume sensitivity of, 302 
Earphone, balanced-armature, 384 
crystal, 384 
magnetic, 383-364 
Eddy-current loss, antenna, 397 
Eddy currents, transformer, 150 
Edison effect, 199 
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Effective resistance, antenna, 396 
Effective value, complex wave, 236 
Efficiency, power tube, 330 
Efficiency factors, broadcast transmitter, 
460 

E layer, ionospheric, 428 
Eleotrioal axes, quartz crystal, 246 
Electrical prefixes, 14 
Electric charges, 5 
Electric currents, 5 
Electric field, 10 
moving, law of, 10 
Electromotive force, definition of, 1 2 
Electron, definition of, 3 
Electron-coupled oscillator, 243 
Electron gun, 507 
Electronic keying system, 340 
Electronic voltmeter, 480 
Electrons, secondary, 232 
Electrosensitive paper, facsimile recorder, 
518, 521, 525 

Electrostatic shield, antenna coupling, 436 
Elements, definition of, 3 
Emission, classifications of transmitter, 302- 
365 

secondary, 232 
thermionic, 199-201 
Endfira array, 415 
Equalization networks, 499 
Equalizer, parallel-circuit, 499 500 
series-circuit, 500 
Equation, linear, 41 
power, 72, 73 
quadratic, 37, 38 
second degree, 37 
simple definition of, 20- 22 
simultaneous simple, definition of, 24-27 
Wheatstone bridge, 90 
Equations, consistent, 25 
equivalent simple, 21 
inconsistent, 25 
Erasing, wire recorder, 381 
Etcliing, of electrolytic capacitors, 103 
Evolution, of exponential numbers, 30 
Excitation, generator field, 117 
oscillator, 236 

Exciter, generator Held, definition of, 117 
Exciter lamp, facsimile scanner, 517, 518 
Exponents, negative, 29 
rules for, 28-30 
theory of, 27 
zero, rule for, 28 

Eye, human, characteristics of, 500 
limit of resohition, 507 
resolving power, 506 

Facsimile, radio, 517 
duplex, 528 


ETader, definition of, 495 
ladder-type, 496 
T-type, 496 
Fading, 431 

Family, grid curve, 215 
plate curve, 218 
Fan marker, 454 
Farad, definition of, 157 
Feedback amplifier, 300, 301 
Feedback circuits, oscillator, 236 
Feeder system, antenna, 432 
Feeling, threshold of, 391 
Fidelity, receiver, 290 
Field, antenna induction, 394-395 
phase relations in, 396 
antenna radiation, 395-396 
electric, 10 
electromagnetic, 10 
generator, definition of, 110 
magnetic, 9 

moving electric, law of, 10 
moving magnetic, law of, 10 
Field coil, loudspeaker, 368 
Field-intensity, formula for, 479 
Field-intensity measurement, 477 
Field rheostat, generator, 120 
Field-strength, formula for, 479 
Field-strength measurement, 477 
Filament, vacuum tube, 203, 204 
Filament transformer, 254 
Filter, brute-force, 204 
capacitor-input, 262-264 
choke-input, 262, 264, 260 
definition of, 260 
lag circuit, 344 
r-f absorption, 344-345 
scratch, 379 

simultaneous range receiver, 451 
Filter systems, polyphase, 324 
Fin antenna, aircraft, 420 
F layer, ionospheric, 428 
Fleming valve, 201 
Flicker, television system, 513 
Flywheel effect, 336 
FM marker, 454 
Forced harmonics, 335-330 
Framou, television image, 606 
Frame synchronization, pulse for, 513, 
517 

Frequency, alternating current, relation to 
wavelength of, 98 
antiresonant, definition of, 193 
audio, definition of, 104 
beat, 239 

critical recording, 377 
fundamental, 238 
harmonic, 238 
heterodyne, 239 
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' Frequency, image, 294 
power, definition of, 104 
radio* definition of, 105 
resonant, definition of, 187, 188 
ripple, 260-261 

sky wave transmission optimum, 430- 
431 

superheterodyne intermediate, 292 
ultrahigh radio, definition of. 105 
video, 511 

Frequency band, formulas for required tele¬ 
vision, 509, 510 

Frequency classifications, alternating cur¬ 
rent, 104 

Frequency deviation monitor, 407 
Frequency distortion, 301 
Frequency doubler, 334 
Frequency measurement, 46,1 
Frequency meter, 409 
Frequency modulation, 306-308, 359 
Armstrong method nf, 361 
phase-shift method of, 301 
reactance-variation method of, 361 
wave forms for, 307 
Frequency monitor, 465 
Frequency multiplier, 334 
Frequency response, wire recorder, 3H2 
Frequency response curves, amplifier, 277 
Frequency runR, 499 
Frequency standard assembly, 409 
Frequency tolerances, table of, 530 
Frequency tripling, 330 
Functions, 45-46, 533 
Fuses, 06 

(late, facsimile scanning, 517, 518 
(venerator action, alternating current, 98 99 
basic Iaws governing, 98 
d-c, 121 122 
Generators, a-c, J15 
classifications of, 115 
d-c, 121 

excitation of, 117 
field rheostat for, 120 
Glide landing beam, airway, 457 
Grid, control, 203 
screen, 232 
suppressor, 233 
Grid-bias detection, 270 
Grid-bias modulation, 355 
Grid curves, family of, 215 
Gnd-leak detection, 271 
Grid-leak resistor, 272 
Grid modulation, 355 
Ground screen, 407 
Ground system, 407 
Ground wave, 408 
Gun, electron, 507 


Half-deflection resistance measurement, 
474 

Harmonic distortion, 230 
Harmonic frequency, 238 
Harmonic-reducing network, antenna coup¬ 
ling, 430 

Harmonics, combined audio, 482 
definition of, 238 

elimination of, antenna coupling cirouit, 
435 

forced, 335 -330 
Hartley oscillator, 240 
Heat dissipation, power tube, 330-331 
Heater, vacuum tube indirect, 206 
Heising modulation, 351 
Henry, definition of, 137 
Hertz antenna, 399 
Heterodyne, definition of, 239 
Heterodyne frequency meter, 408 
Heterodyning, telegraph receiver, 239 
High-level mixing, 497 
Horn-typo loudspeaker, 385 
H pad, 490-491 
Human ear, 302, 390 
Human eye, 506-507 
Hum-burking, loudspeaker, 389 
Hydrometer, 60 

Hysteresis, capacitor iheloctric, 158 
transformer, 150 

Hysteresis loop, wire recorder, 382 

Iconoscope, 507-508, 511 
H'W transmission, 341 
Image antenna, 403 
Image dissector, 507 

Imuge frequency response, superheterodyne, 
294 

Inipodance, definition of, 141, 173 
parallel a-c circuit, 177 
series a-c circuit, 173 
transmission line characteristic, 432 
vacuum tube plate, definition of, 211 
Impedance-coupled amplifier, 286 
Impedance match, receiver output stage, 
282 

power amplifier, 226- 227 
voltage amplifier, 225-226 
Impedance networks, 179-187 
Impedances, parallel network of, 182-187 
series network of, 181-182 
Indicator, level, 485 
peak-flash, 502 
volume, 485-487 
Inductance, 137 
antenna, 475-477 
mutual, 141 

Induction, back emf of, 137 
definition of, 144 
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Induction field, antenna, 304-395 
phase relations in, 396 * 

Induction motor, 127 
Inductive circuit, phase angle in, 138 
Inductor, alternator, definition of, 110 
Insulator, breakdown of, 8-9 
definition of, 7 
Interlaced scanning, 513 
Intermediate frequency amplifier, 202 
International Q signal code, table of, 538- 
542 

Interphase reactor, 323 
Interpolation, 35 
Interpolation oscillator, 470 
Interrupted continuous wave, 341 
Interstalion noise suppression, 305 
Inverse feedback amplifier, 300, 301 
Involution, of exponential numbers, 30 
Ionosphere, 424 

critical angle of reflection from, 420 
eyries of ionization in, 428-429 
E layer Df, 428 
F layer of, 428 
F l layer, of, 428 
layer of, 428 
refraction in, 425 
Iron loss, transformer, 150 

Joule, definition of, 13 
relation of, to other units, ] 3 

Kennelly-Heaviside layer, 423 424 
Key click filter, 344 
Keying circuit, center-tap, 342 
grid-blocking, 341-342 
Keying system, electronic, 340 
Keying tube, 340 
Kinescope, 514 
Kirchhoff’s laws, 80-83 
Konol metal, 201 

Ladder-type fader, 496 
Lag circuit, key filter. 344 
Landing beam system, airway, 455 
Army, 459 

Bureau of Standards, 450 
landing beam for, 456 
tarenz, 459 
radio markers for, 456 
runway localizer for, 456 
Lateral recording, 375 
constant amplitude, 375 
constant velocity, 375 
Leakage, capacitor dielectric, 158 
Leakage current, voltage divider, 02 
Leakage loss, antenna, 308 
transformer, 150 
Lena's law, 137 


Level indicator, 435 

Limiter, frequency modulation receiver, 311 
Limit of resolution, human eye, 507 
Line pad, 490 

Line synchronization, pulse for, 513, 517 
Link coupling, 339 
antenna system, 436 
Load-line, calculation of, 228-229 
Load-line curves, 227-231 
Loral action, lead-acid cell, 61 
logarithms, Briggs, 33 
characteristic of, 33 
common, 33 
mantissas of, 33 
interpolation of, 35 
tabular difference between, 35 
Napierian, 32 
natural, 32 

table of mantissas of, 33, 34, 531-532 
Loop antenna, 438 
electrostatic balance in, 442 
electrostatic shield for, 443 
sensitivity of, 430-442 
Loops, antenna voltage or current, 44)2 
Loss, antenna corona, 398 
antenna dielectric, 397 
antenna eddy-current, 307 
antenna leakage, 308 
antenna resistance, 307 
Loss constants, attenuator pad, 491, 537 
table of, 537 

Loss resistance, antenna, 307 
Loudness, sound, 391 
Loudspeaker, 385 
cone-type, 386 
dynamic-type, 386 
field coil for, 388 
liuin-hurkiug in, 389 
permanent magnet, 387, 388 
power field, 387, 388 
shading ring in, 389 
spider for, 387 
voice coil for, 388 
hom-type, 385 
Low-level mixing, 497 498 
L pad, 490 

Magnetic earphone, 383 
soimilivity of, 384 
Magnetic field, 0 
flux of, 11 
moving, law of, 10 
Magnetic flux, 11 
Magnetic permeability, 11 
specific, 12 

Magnetic saturation, filter choke, 208 
Magnetism, residual, dynamo field pole, 123 
Magnetostriction oscillator, 251 



INDEX 


also 

Mantissas, table of common logarithm, 

532 

Marconi antenna, 403 
Marker, fan, 454 
FM, 454 
M, 403-454 
Morse, 453-464 
Z, 454 
sone, 454 

Marker stations, radio, 453 
Masking, human ear, 391 
Master-osoillator-power-amplifler, 243, 327 
Matching sections, transmission line, 434 
characteristic impedanoo of, 435 
Mechanical axes, quartz crystal, 245 
Meissner oscillator, 242 
Mesh connection, three-phase system, 318 
Meter, heterodyne frequency, 468 
Meters, a-c, 105 
d-o, 83 

Mho, definition or, 8 
Microphone, 367 
capacitor, 370 
carbon, 368 
double-button, 369 
single-button, 369 
crystal, 373 
dynamic, 371 
moving-coil, 371 
ribbon, 372-373 
velocity, 372-373 
Microphone button, 368 
Microphone diaphragm, 367 
Mix>, series ladder-type, 497 
serieB-parallel T-type, 497 
series T-type, 497 
Mixer control units, 495 
Mixer Stage, superheterodyne 292 
Mixing, high-level, 497 
low-level, 497-498 
M marker, 453- 454 

Modulated carrier-voltages. Unear recti tier 
circuit for, 462 

Modulation, amplitude, 269, 349 349 
constant-current, 351 
frequency, 306 308, 359 
Armstrong method of, 361 
phase-shift method of, 36 L 
reactance-variation method of, 361 
grid, 355 
Heising, 351 
high-level, 352 
low-level, 352 
plate-circuit, 349 

transformer-coupled, 351 
Modulation factor, 349 
Modulation measurement, 481 
Modulation monitor, 500 


Modulation percentage, 349 
Modulation side bands, 354 
Modulator, efficiency of, 354 
Molecule, definition of, 3-4 
Monitor, frequency, 465 
frequency deviation, 467 
modulation, 500 

MOP A transmitting circuit, 243, 327 
Morse marker, 453-454 
Mosaic, iconoscope, 508 
Motor control circuits, 133 
automatic-starting, 135 
hand-starting, 134 
Motor generator, 130 
Motors, a-c, 126 
classifications of, 115, 126 
compound-wound, 130 
d-o, 128 

differential compound-wound, 190 
electric, radio station applications of, 126 
repulsion-induction, 127 128 
series-wound, 129 
shunt-wound, 129 
Multiple courses, radio-range, 452 
Multiple reflection, sky wave, 430 
Multiple secondary transformer, 254-255 
Multiplication, algebraic, rules for. 19 
Multiplier, frequency, 334 
Multivibrator oscillator, 250, 469, 512-513 
Mutual conductance, definition of, 212 
formulas for, 212, 213 
Mutual inductance, 141 

Negative charges, 5 

Negative-crest indicating voltmeter, 483 
Negative numl>ors, 17 
Networks, attenuator, 490 
impedance, 179-187 
parallel impedance, 182- 1B7 
series impedance, 181-182 
sen os-parallel a-c, 179 -181 
Neutralization, transmitter, 337 
tnode amplifier, 278 
Neutralizing circuit, Kice, 337 
push-pull amplifier, 339 
Neutrodyne circuit, 339 
Neutrodyne receiver, 278 
Neutron, definition of, 3 
Night effect, 442, 444 
Nodes, antenna voltago or current, 402 
Noise currents, 306 
Noninductivo resistor, 473 
Nonresonant transmission line, 433 
No-voltage release coils, motor starter, 134 

Ohm, definition of, K 
Ohmmeter, operation of, 86-87 
series-type, 87 
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Ohxnmeter, shunt-type, SB 
Ohm’s law, a-o circuits, 172-173 
definition of, 70 
mathematical forms of, 70, 71 
parallel circuits, 79 
series circuits, 76 

Open-delta connection, polyphase trans¬ 
former, 321 

Open-wire transmission line, formula for 
characteristic impedance of, 433 
Operating power, broadcast station, 480 
direct measurement of, 481 
indirect measurement of, 480 
Optical axis, quartz crystal, 245 
Ordinate, definition of, 40 
Oscillation, amplifier, 277 
parasitic, 251 ♦ 

Oscillations, conditions necessary to sustain, 
235 

Oscillator, Armstrong, 241 
Colpitis, 242 
comparison, 409 
crystal, 245 
dynalron, 249 
electron-coupled, 243 
externally excited, 230 
Hartley, 240 
inteipolution, 470 
magnetostriction, 251 
Meissner, 242 

multivibrator, 250, 469, 512-513 
relaxation, 250 
saw-tooth, 511-512, 517 
self-excited, 230 
separately excited, 230 
tank circuit of, 240 
transmitter, 324-320 
tuned-pJate-tuned-grid, 241 
U-H-F, 252 

vacuum tube, definition of, 235 
Oscillator circuits, feedback in, 230 
Oscilloscope, cathode-ray, 4K4 
Oven, crystal oscillator, 326 
Overload level, receiver, 290 
Overmodulation, 354 

Pad, attenuator, 490 
application of, 494 
loss constants for, 491, 537 
variable, 495 
balanced, 491-492 
H, 490-491 
L, 490 
line, 490 
pi, 490-491 
T, 490-491 
unbalanced, 491-492 
Fodder capacitors, 294 


Parallel circuits, characteristics of, 76 
current rule for a-o, 170 
current rule for d-c, 80 
definition of, 76 

formula for currents in a-c, 176 
impedance in a-o, 177 
Ohm’s law in, 79 
phase angle in a-c, 176 -177 
total resistance of, 78 
voltage rule for a-c, 176 
voltage rulo for d-c, 78 
Parallel impedance networks, 182-187 
Parallel resonance, definitions for, 192-193 
Parallel resonant circuits, 191-192 
Parasitic oscillations, 251 
Peak-flash indicator, 502 
Peak-indicating* voltmeter, 483 
Peak saturation, vacuum tube, 208 
Pentode, 233 
Pentode r-f amplifier, 270 
Permanent-magnet type loudspeaker, >87, 
388 

Persistence of vision, 505 
Phase angle, a-c parallel circuit, 176-177 
a-c series circuit, 172, 174 
capacitive circuit, J 50 
definition of, 100-101 
inductive circuit, 138 
parallel impedance network, 185-186 
series impedance network, 182 
Phase displacement, 194 
Phase distortion, 301 
Phase inversion, push-pull amplifier, 300 
Phase relations, parallel resonant circuit, 192 
series resonant circuit, 190 
Phase-shift FM, 361 

Photoelectric cell, facsimile scanner, 517- 
518 

Pickup hood, 375, 377 
astatic, 37 H 
crystal, 378 
electromagnetic, 378 

Piezoelectric properties, quartz crystal, 246 
Pi pad, 400 491 
Plate, iconoscope signal, 508 
vacuum tube, 201 

Pluto current, a-c component of, 210 
d-c component of, 210 
Plato curves, family of, 218 
Plate detection, 270 
Plate dissipation, power amplifier, 224 
power tube, 330-331 
Plate efficiency, |»ower tube, 330 
Plate impedance, vacuum tube, definition 
of, 211 

Plate modulation, 349 

Plate resistance, vacuum tube, 209-211 

Plate saturation, vacuum tube, 208 
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Plate transformer, 254 
Polarities, relative, inter-atomic, 153 
series circuit, 163 
Polarization, primary cell, 55 
radio wave, 407 
Poles, dynamo field, 123 
generator armature, 118 
generator field, 116 
Polyphase filter systems, 324 
Polyphase rectifier systems, 322 
Polyphase transformer, delta-delta connec¬ 
tion for, 321 

delta-star connection for, 321-322 
Y*Y connection for, 321 
Positive charges, 5 
Positive numbers, 17 
Potential, difference of, 152 
Potential energy, 152 
Power, apparent, a-c circuit, 194 
broadcast station operating, 480-481 
d-c circuit, 72 

measurement of antenna, 479 
true, a-c circuit, 194 
Power amplifier, 224 
class B r-f, circuit calculations for, 333 
elass C r-f, circuit calculations for, 333 
conditions for maximum output of, 226- 
227 

maximum undistortod power output in, 
227 

plate dissipation in, 224 
Power factor, 194, 195 
formulas for, 195-190 
lagging, 196 
leading, 196 
unity, 192, 196 

Power-field type loudspeaker, 387, 388 
Power frequencies, definition of, 104 
Power output, formula for, 230 
load-line derivation of, 230 
maximum undistortod, standard for, 290 
Power-output rating, receiver, 290 
Power packs, 206, 253-269 
Power supply, polyphase, 317 
ship’s emergency, 05 
single-phase, 316 
three-phase, 317 
two-phase, 316 
Power transformer, 254 
,Pt>wer tubes, air-cooled, 330 
efficiency of, 330 
heat dissipation in, 330-331 
water-cooled, 331-332 
Preamplifier, 487 
Prefixes, electrical, 14 
metric, 14 

Primary service area, broadcast station, 409 
Program amplifier, 489 


Propagation, wave, 394 
Proportion, definition of, 23 
rules applying to, 23-24 
Protective devices, overload, 135 
underload, 136 
Proton, definition of, 3 
Pulsating direct currents, fields created by, 
99 

Pulse, facsimile synchronizing, 519 
television frame synchronizing, 513, 517 
television line synchronizing, 513, 517 
Pumping system, water-cooled power tube, 
331-332 

Push-pull amplifier, 220-221 
resistance-coupled, 300 
transformer-coupled, 29A 
Pythagorean theorem, 43 

Q, circuit, 196-197, 270 
coil, formula for, 276 
Q signal code, table of, 538-542 
Quarter-wave stubs, transmission line, 434 
Quartz crystal, axes of, 245 
piezoelectric properties of, 246 
resonant properties of, 247 
Quonched automatic volume control, 305 

Kadiak, ground system, 407 
Radiation angle, 425 
Radiation field, antenna, 395-396 
Radiation resistance, antenna, 397 
Radiators, vertical tower, 406 
Radio altimeter, 460 
Radio beacon, airway, 446-447 
marine, 446 

Radio lieam, airway, 448 
Radio direction finder, 438 
bearing error in, 442 
calibration of, 443 
night effect m, 442, 444 
Radio facsimile, 517 
duplex, 528 

Radio frequencies, definition of, 105 
Radio-marker stations, 453 
Radio-range, 446, 449, 453 
Radio-range courses, 452 
Radio-range stations, simultaneous, 450 
Radiotelegraph transmitter, tuning of, 326 
Ratio, definition of, 23 
transmission line standing wave, 432 
Reactance, capacitive, 158-159 
inductive, 139 

Reactance-variation FM, 361 
Reactive opposition, 139 
Reactor, interphase, 323 
Receiver, auto-alarm, 313-314 
fidelity of, 290 
frequency modulation, 306 
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Receiver, neufrodyne, 278 
overload level of, 290 
pojrar-output rating of, 290 
selectivity of, 290 
sensitivity of, 290 
standard test output for, 290 
superheterodyne, 292-296 
telephone, 382 
television, 514 
transformerless, 205 
tuned r-f, 289 

Receiver output coupling systems, 282 
Record, 374 

Recorder, disk, traek-to-stylus velocity of, 
381 

facsimile, circuit for, 524 

electrosensitive paper for, 513, 521, 525 
stylus for, 518, 520 
two-column, 525 
tape, 379-380 
wire, 379-3H2 
Recording, lateral, 375 
vertical, 375 
wave patterns for, 376 
Rectification, thermionic, 201-202 
Rectifier, copper oxide, 106 
full wave, 257 
half wave, 256 
polyphase, 322 
vacuum tube, 201-202 
Rectifier circuit, modulated carrier-voltage 
linear, 482 

three-phase, full-wave, 323 
half-wave, 322 

half-wave double-Y\ 323-324 
Rectifier tube, full wave, 258- 259 
maximum peak inverse voltage in, 268 
Regeneration, 237 
Regenerative amplifier, 300, 301 
Regenerative circuits, 237 
Regenerative detector, 238, 272-273 
Rejector circuit, 294 
Relaxation oscillator, 250 « 

Relay, break-in, 345 
definition of, 150-151 
types of, 151 

Relay solenoid, ampere-turns of, (51 
Repeater, vacuum tube, 208 
Reproducer, 375, 377 
Repulsion-induction motor, 127-128 
Residual magnetism, dynamo field pole. 123 
Resistance, antenna effective, 396 
antenna loss, 897 
antenna radiation, 397 
definition of, 7 

measurement of antenna, 471 
half-deflection method of, 474 
resistance-variation method of, 472 


Resistance, temperature coefficient of, 8 
unit of, 7-8 

vacuum tube dynamic plate, 211 
Resistance-coupled amplifier, 283 
Resistance loss, antenna, 397 
Resistance measurement, comparison 
method of, 89 
ohmmeter method of, 66 
resistance-variation method of, 472 
voltmeter-ammeter method of, 86 
Wheatstone-bridgo method of, 89 
Resistive opposition, 139 
Resistor, bleeder, voltage divider, 92 
coupling, 284 
definition of, 74 
grid leak, 272 

heat-dissipation factor of, 75 
noninductive wire-wound, 473 
power rating of, 75, 94 
safety factor for, 75 
Resolution, 506 
human eye limit of, 507 
Resolving power, human eye, 506 
Resonance, definition of, 187 
parallel, definitions for, 192-193 
ahaipness of, 196 

Resonant circuits, parallel, current in, 191- 
192 

series, 189-190 
Resonant frequency, 187-188 
Resonant transmission line, 432 
Retroactively coupled circuits, 237 
R-f amplifier, class B, circuit calculations 
for, 333 

class (\ circuit calculations for, 333 
Rheostat, generator field, 126 
Rhombic antenna, 410-417 
leg length of, formula for, 419 
optimum height of, 418 
tilt angle of, 418-419 
wave angle of, 418, 431 
Ribbon microphone, 372 
Right-hand rule, 11 
Ripple, amplitude of, 261 
frequency of, 260-261 
Rochelle-salt crystal, 373 
Rotary convertor, 132 
Runway localizer beam, airway, 456 
Runway localizer indicator, 458 

Saturation, filter choke magnetic, 268 
vacuum tube cathode, 208 
vacuum tube peak, 208 
vacuum tube plate, 208 
Saw-tooth oscillator, 511-512, 517 
Scanner, facsimile, 517-520 
Scanning, interlaced, 513 
sequential, 513 
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Scanning gate, facsimile, 617, 618 
Scanning pattern, television, 508 
Schematic radio symbols, table of, 529—531 
Scratch filters, 379 
Screen, ground system, 407 
Screen grid, 232 
Screen grid r f amplifier, 276 
Screen gnd tube, 231 
Secondary electrons, 232 
Secondary emission, 232 
Secondary Service area, broadcast station, 
409-410 

Selectivity, receiver, 290 
superheterodyne, 292-293 
Self-bias, 280 
Self inductance, 137 
Sense antenna, 442-443, 444-446 
Sensitivity, human ear volume, 302 
ice eiver, 290 
Sequential scanning, 511 
Senes aiding inductive c n r uits 142 
Senes circuits, characteristics of, 7b 
current rule for at, 169 
< orient rule for d r, 76 
definition of 76 
formula for v oltagos mar, 171 
impedance mat, 17.3 
Ohm’s law in, 7b 
phase angle m a r, 172, 174 
total lesistance of, 76 
voltage rule foi a c, 170 
voltage rule ior d t 76 
Series impedance networks 181 182 
formula for phase angle of, 182 
f ~mula for total lmpedante of, 181 
belies opposing indue ti\e cutuits, 142 
Senes i©sonant cm uits, c urront in, 189 190 
impedance of, 189 
phase relations m, 190 
Voltages in, 190 

Service aiea, broadc ast station pumaiy 409 
broadcast station secondary, 409-410 
Shading ring, loudspc akei, 389 
Shunt tirruits, definition of 7S 
Side bands, modulation, 354 
Signal plate, it onosr ope 508 
Simultaneous range, lecoivor filtei for 411 
Simultaneous range stations, 4 50 
Sine curve, alternating ruricnt, 101 
Sme wave, alternating < urront pxojoc tion of, 
99-100 

Smuaoid, definition of, 101 
Skip distance, 423, 440 
Sky wave, 408-409 

multiple reflection of, 430 
Sky wave transmission, optimum frequency 
for, 430-431 

Slip nngs, definition of, 116 


Solenoid, relay, 151 
ampere turns of, 151 
Sound, loudness of, 391 
Space charge, vacuum tube, 204 
Speaker impedance matching, receiver out¬ 
put to, 282 

Specific gravity, Edison cell, 65 
lead acid cell, 59 
Spider, loudspeaker, 387 
Stamper, disk lecord, 374 
Standard frequency assembly, 469 
Standard test output xeoeiver, 290 
Standing wave ratio, transmission line, 432 
Standing waves, antenna, 401 
Star connection, three phase system, 319 
Star star toxmec tion, polyphase transformer, 
321 

Malting apparatus, motoi automatic, J35 
motor hand, L34 
Static curves definition of, 227 
Statu electric it}, 5, 53 
Stubs transmission hue quarter wave, 434 
Studio amplificis bioadrast, 487 
St>lus, facsimile let.older 518, 520 
iccoidmg, 474 

Subjects e tones, human ear, 39J 
Subti action, algebiau, jule loi, 18 
Suporheteiodynn ie«eivor, 292 296 
converter stago in, 292 
Suppression, mterstution noise, 305 
Suppressor gild, 233 
Surface noise, 379 

Surge impedance, transmission line 412 
434 

Sweep voltages, iconoscope, 511 
Swinging choke, 268 
Symbol^ diagrammatic 14-15, 529 
schematic ladio, table of, 529 531 
Sync hromration telev ision system, 512 
Synchronizing pulse facsimile, 519 
S\ n< hronous motor ,126 127 

Table lommon logantlun mantissa, 531- 
532 

doubt 1 vs voltage and power ratios, 534 
515 

frequent y tolerance, 5 46 
mloinational Q signal rode, 538 542^ 
loss constants for attenuation pads,^37 
schematic radio symbols 529- 531 
trigonometric function, 513 
Tabular difference, 35 
Tank circuit, oscilla 1, 249 
Tape recorders, 379 
Telephone receiver. 

Television, 505 

Television band v i, foimulaa foi re¬ 
quired, 509, * 
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levirion receiver, 514 
Revision system, flicker in, fif3 
synchronization of, 512 
Revision transmitter, 50? 

.errain-clearance indicator, 460 
tetrode, 231 

Theorem of Pythagoras, 43 
Thermionic emission, 199-201 
'hermionic rectify cation, 201-202 
^Thermocouple unit, 53 
Chree-phase alternating current, 31H 
Tt hree-phase system, currents in, 320 
delta connection for, 318 
t full-wave rectifier for, 323 
half-wave double-Y rectifier for, 323- 324 
half-wave rectifier for, 322 
, power in, 320 
voltages in, 319-320 
wye connection for, 319 
Arcbhold of audibility, 391 
threshold of feeling, 391 
ickler coil, 241 

Tickler feedback circuit, 241 
Tolerances, frequency, table of, 536 
Tone control, grid-circuit, 303 
plate-circuit capacitance, 303 
plate-circuit resistance, 303 
Tower, stoel radiator, 400 
T pad, 490-491 

Tracking, problems in superheterodyne, 
293 294 


Trunsconductnnce, definition of, 212 
formulas for, 212, 213 
Transcription, electrical, 374 
Transformer, current ratio of, 146 
eddy currents m, 150 
filament, 254 

fundamental principle of, 145 
hysteresis in, 150 
impedance ratio of, 147 
losses in, 148-150 


multiple secondary, 254-255 
plate, 254 

polyphase, connections for, 321 322 
power, 254 
turns ratio of, 146 
'^llbege ratio of, 14G 
Trahsfo Ttusr-coupled amplifier, 287 
Transfo* nerless receivers, 255 
Transmission line. 431 
antenna delta coupling to, 434 
characteristic impedance of, 432 
concentric, 433-431 
matching soction Fn 4-435 
nonresonant, 43° 


open-wire ' t 
resonant 

standing wave ratio fidr, 432 


Transmitter, 370 
automatic, 346 
break-in operation of, 345 
high-speed telegraph, 346 
maater-oscillator-power-amplifier, 327 
television, 507 

Transmitter amplifier, 327-340 
Transmitter emission, classifications of, 862- 
365 

Transmitter oscillator, 324 -326 
Transmitter power supply, 316 
Transmitting circuit, master-oscillator- 
power-amplifier, 243 
Trickle charge, 67 
Trigonometric functions, 45-46 
table of, 533 
Trigonometry, piano, 44 
Trimmer capacitor, 292, 294 
'Tripling, frequency. 336 
Trough-indicating voltmeter, 483 
True power, in a-c circuits, 194 
T-typeJader, 496 

Tuned-piute-tuned-grid oscillator, 241 
Tuned r-f receiver, 289 
Tuned transmission line, 432 
Turnover point. 377 

U-H-K oscillator, 252 
Ultrahigh frequencies, definition of, 105 
Unbalanced pads, 491-492 
Undistorted power output, maximum stan¬ 
dard for, 290 

power amplifier maximum, 227 

Vacuum tube, anude of, 201 
batteries for, 205 
blocking of, 204 
cathode of, 201 
characteristic curves for, 213 
control gnd of, 203 
cylmdncal elements in, 205 
dynamic plate resistance of, definition of, 
211 

Edison effect in, 199 

filament of, 203, 204 

indirect heater of, 206 

uiput circuit of, 207 

mutual conductance of, 212 

output circuit of, 207 

planar olemonts in, 204-205 

plate impedance of, definition of, 211 

plate of, 201 

plate resistance of, 209-211 
power packs for, 206 
rectangular elements in, 205 
saturation in, 208 
space charge in, 204 
tronscon duotance of, 212 
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Vacuum-tube rectifier, SO 1-202 
VaCuum-tube voltmeter, 480 
Valve, 202, 208 
Fleming, 201 
Variables, 40 
Vector algebra, 39 
Vector component, 44 
Vectors, 46 

Vector sum, definition of, 51 
Velocity microphone, 372 
Vertical antenna, directivity of, 413 
Vertical glide indicator, 458 
Vertical radiatois, 406 
Vertical recording, 375 
VibrationB, resonant penod of, 368 
sympathetic, 367 368 
Video amplifier, 511 
Video frequency, 511 
Vision, perustence of, 505 
Voice coil, loudspeaker, 388 
Voice unit, 392 
Volt, definition of, 12 
Voltage amplifier, 224 
conditions foi maximum output of 225- 
226 

Voltago divider, leakage curient in 92 
principle of, 91 

Voltage doubler circuit, 219 260 
Voltages, a c parallel niciiit, 17b 
a c benes circuit, 169-171 
bias, 217 

r airier Kignnl 269 
d c parallel cucuit 78 
d-c senes uicuit, 78 
nonoscope sweep, 511 
maximum peak inverses 268 
primary sources of, 25) 
stabilization of, m voltago divideis, 94 
Voltmetei, a c, 112 
d c, 85-86 
electronic, 486 

negative nest indicating 483 
peak indicating, 483 
trough indicating, 483 
vacuum tube, 486 
Volume compression, 489 
Volume rontiol, acoustically compensated, 
302-304 


Volume control, shunt, 298 
amplified automatic, 305 
antenna shunt, 296 
automatic, 304 

combination antenna bias, 297 
delayed automatic, 305 
quenched automatic, 305 
r f bias, 297 
r f shunt, 297 
screen gild, 297 
Volume indicator, 485 
discharge circuit of, 486-487 
electronic, 486 

V type antenna 416 

V V onnot tion, nolvphaae transformer, 32 

Water cooled pc ever tubes, 331 
pumping system for 331-332 
Watt, definition of, 13 
Waltmetoi, a c, 113 
Wave polau/ation of radiuted, 407 
ladiated ground, 408 
radiated sky, 408 409 
Wave angle 418, 425 411 
Wave forms frequency modulation, 307 
Wav elongth of alternating curient, relatic 
to fieqiieni y, 98 
Wav l path, 428 
Whvl patterns, r or or ding, 376 
av e pi op ligation, 394 
Wuvotiap 294 
Wheitstonc budge 89 91 
Whip ant emu, aircraft, 421 
Wiip iecorder, 379 382 
Work, capacitor charging 158 
Wye c onnoction, three phase system 31 
Wye wye connwtion polyphase trans 
moi, 321 

X cut, quartz crystal, 245 

Ir connection, ♦hree phase system, 31 
Y rut, quartz rystal, 246 
^ Y connection, polyphase tisnsf 
321 

Z marker, 454 
Zone marker, 454 
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